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Abstract

Weyerhaeuser, together with Amoco and Carolina Power & Light, performed a detailed evaluation of
biomass gasification and enzymatic processing of biomass to ethanol. This evaluation assesses the
potential of these technologies for commercial application to determine which technology offers the best
opportunity at this time to increase economic productivity of forest resources in an environmentally
sustainable manner. The work performed included preparation of site-specific plant designs that integrate
with the Weyerhaeuser New Bern, North Carolina pulp mill to meet overall plant energy requirements,
cost estimates, resource and product market assessments, and technology evaluations. The Weyerhaeuser
team was assisted by Stone & Webster Engineering Corporation and technology vendors in developing
the necessary data, designs, and cost information used in this comparative study.

Based on the information developed in this study and parallel evaluations performed by Weyerhaeuser
and others, biomass gasification for use in power production appears to be technically and economically
viable. Options exist at the New Bern mill which would allow commercial scale demonstration of the
technology in a manner that would serve the practical energy requirements of the mill. A staged project
development plan has been prepared for review. The plan would provide for a low-risk and cost
demonstration of a biomass gasifier as an element of a boiler modification program and then allow for
timely expansion of power production by the addition of a combined cycle cogeneration plant.

Although ethanol technology is at an earlier stage of development, there appears to be a set of realizable
site and market conditions which could provide for an economically attractive woody-biomass-based
ethanol facility. The market price of ethanol and the cost of both feedstock and enzyme have a dramatic
impact on the projected profitability of such a plant. Additional process and project development work
is required to reduce uncertainties and perceived risks before proceeding with such a project.
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Executive Summary

Driven by process changes that are making pulp and paper mills increasingly dependent on purchased
electric power, the industry is motivated to search for more economic technology alternatives for the
production of co-generated power from its biomass residuals. Recent emphasis by the U.S. Department
of Energy (DOE) in the area of renewables has provided an unusual window of opportunity for the
industry to syndicate the risk of moving to a new more efficient energy generation technology. This
window of opportunity comes at a time when the age of greater than 50 percent of the industry’s power
generation equipment will need major alternation or replacement within the next 15 years.

Two technologies that can have a profound impact on the industry’s energy self sufficiency—even to
substantially increasing the capability for exporting electric power—have evolved to the point of
commercial readiness. These technologies are biomass gasification combined cycle (BGCC) and black
liquor gasification combined cycle. A third technology, ethanol production from biomass, although not
as advanced in its commercial readiness, is also of increasing interest driven by recent advances in
fermentation technology and significantly increased market opportunity as a result of the environmental
driver for gasoline additives.

Black liquor gasification is being actively pursued by Weyerhaeuser and others and is not considered
here. This report compares, for an integrated pulp mill situation, the operating and economic realities
of BGCC and biomass-to-ethanol technologies. As partners in the project, Amoco supplied the ethanol
production technology input and marketing analysis; Stone & Webster Engineering Corporation provided
the cost estimating and economic analysis; and Carolina Power & Light provided the power market
information pertinent to North Carolina,

Detailed economics presented in this study include sensitivities to heat rate, discount rate, capacity factor,
tax credits, export power prices, feedstock price, DOE capital support, and in the case of ethanol,
additional sensitivities to ethanol price and enzyme cost. Analysis of all these sensitivities indicates that
in the case of ethanol, the market price and enzyme cost are by far the most influential in determining
the project viability. Enzyme costs less than $4/gallon of enzyme and/or ethanol prices over $1.40/gallon
of ethanol appear necessary to move the ethanol concept as presented here into a economically interesting
range. It should be noted, however, that the state of development of biomass to ethanol is clearly
precommercial at this time and that a number of design improvements are possible that would
significantly change this picture. Also, if a high-value marketable product can be developed for the lignin
by-product stream, this would have a significant positive impact.

After discussing biomass gasification combined cycle options with seven potential suppliers, Tampella
and TPS were selected for in-depth analysis—the results of which are presented in this report. The ability
to work with these two suppliers provided an excellent opportunity to contrast a pressurized system
(represented by the Tampella technology) with an atmospheric system (represented by the TPS
technology). Given the degree of accuracy of this study, the capital cost of the two technologies
investigated were sufficiently similar that no clear preference of one over the other could be determined
based on the capital cost factor alone. However, since the operating efficiency of the pressurized
technology was better, the Tampella case was taken forward for detailed economic analysis. It should
be noted, however, that the pressurized system is not practical for producing fuel gas for firing in a boiler
which would be the first step of a preferred staged implementation approach at the New Bern facility.

Based on the analysis of sensitivities with respect to gasification, again capital cost — and in this case,
the value of export power — have by far the most significant impact on BGCC economics. Given a 50
percent shared cost for first commercial plants, a positive economic result is achievable for the plant size
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studied herein at export power prices of 5¢/kWh and above. It is Weyerhaeuser’s belief that this
conclusion — in light of the future possibilities of integrating this technology with black liquor
gasification combined cycle, the probability of a mature BGCC technology having 20-30 percent less
capital cost, and anticipated trends in electricity prices — make biomass gasification combined cycle a
viable and exciting future option which merits government support to encourage early commercialization.

As mentioned above, in order to advance this technology with a minimum amount of risk, a staged
approach is considered preferable. Based on the resuits reported here, a detailed implementation plan
is currently being developed for the New Bern facility which will include as a first phase an atmospheric
indirect gasification plant coupled with back-pressure and condensing electric power generation. As a
second phase to be implemented early in the next decade, the gas cleaning and gas turbine cycle will be
added in conjunction with a black liquor combined cycle technology. With shared cost through DOE’s
commercialization programs (similar to the current request for proposals advanced in the Biomass Power
for Rural Development solicitation), BGCC should find an early home in the forest product industry,
contributing to the country’s energy self sufficiency from renewable resources and improving the
industry’s global competitiveness.

As a final point, it should be mentioned that advancing this technology is widely supported by the
industry and is consistent with the intent of the "compact” signed between the DOE and the industry in
October of 1994, which is based on the industry’s vision as put forth in Agenda 2020.
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Section 1

Project Concept

The concept of this project is to define a specific dedicated feedstock supply system (DFSS) for serving
an advanced biomass to energy conversion process located at Weyerhaeuser’s market pulp mill in New
Bern, North Carolina. This project is a feasibility study of the capital cost, operating economics, and
regional impact of two technologies — biomass gasification combined cycle and biomass to ethanol.

1.1 Background
An Energy Profile of the Pulp and Paper Industry

The U.S. pulp and paper industry is the fourth largest consumer of energy among all segments of
American industrial activity—and the third largest if the fuels industry itself is excepted. The
manufacture of pulp and paper products in the U.S. consumes over 2,600 trillion Btu of energy annually.
This large use of heat and power is exceeded among process industry manufacturers only by that of U.S.
chemical plants and primary metal mills. In spite of this fact, the industry can make a claim that no other
can come close to—it is over 57 percent energy self-sufficient. According to the American Forest & Paper
Association (AF&PA), the industry currently derives about 40 percent of its energy needs from the
burning of black liquor and around 17 percent from the burning of forest biomass and mill solid wastes.
In both of these cases, the generation of steam and power is accomplished through technology that lacks
efficiency in its energy conversion compared to emerging new methods.

The Uncertainty of Purchased Energy Costs

On the fuel front, the uncertainty of forces influencing prices is providing the pulp and paper industry
with increased motivation to look more seriously than ever at biomass as a replacement for fossil fuels.
Although the price of coal promises to be reasonably stable, the price of fuel oil and natural gas have
proven impossible to predict. However, it seems unlikely that they should decrease, and many believe
that natural gas prices will reach a parity with oil prices in the not-too-distant future.

Increasing American dependence on foreign oil supplies is a continuing national comcern, and
environmentally, the pressure to use less fossil fuel is unrelenting. The pulp and paper industry is
uniquely positioned to respond positively to these converging forces.

The Opportunity for Renewable Fuels

Many U.S. pulp and paper companies generate significant quantities of alternative fuel as a natural
consequence or residual of their raw material harvesting and manufacturing processes. Forest biomass
and manufacturing residuals have always played an important part in mill energy generation and can
easily play an even bigger part in the pulp and paper mills of the future.

The industry can increase its production of energy from renewable sources in two ways. The first is to
increase the amount of biomass utilized, and the second is to increase the efficiency of the energy
conversion to high pressure steam and electricity. Increasing the amount of biomass utilized can result
partially from collecting more of the residuals from harvesting. Much of the limbs and trimmings now
left in the forest can be delivered to the mill for use as fuel while maintaining the soils for sustainable
forestry. It is further likely that the nation’s commercial forests can be managed to significantly increase
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yield of biomass on a sustainable basis, both for primary product and energy use. As a resuit, many pulp
and paper mills of the future will begin to see their woodlands in terms of both fiber and fuel.

Converging Events Demand Changes

There are changes on the energy horizon. In fact, the convergence of several events may well provide
a unique opportunity for the pulp and paper industry to make yet another significant step in self-
sufficiency.

Dependence on Purchased Electric Power

Although the pulp and paper industry is currently No. 1 in the industrial generation of electricity,
there is a clear movement towards more and more dependence on purchased electrical power. This
undeniable trend is the result of a combination of changes in the industry’s manufacturing processes.
To remain competitive and satisfy stricter environmental requirements, mills are undergoing
modernization and process optimization with a resulting decrease in built-in capacity for co-
generation of electricity. However, as co-generation capacity decreases, electrical energy
requirements are increasing. Added environmental control equipment, primarily scrubbers and
precipitators, create greater electrical demand. Alternatives to chlorine bleaching sequences,
involving on-site oxygen/ozone generation, and an industry trend towards more thermo-mechanical
pulp also contribute to increased demand. Recycling is having electric power consequences, since
using recycled fiber adds to electrical demand (except in TMP fiber replacement). Another
consequence of recycling is that it leaves no appreciable amount of residue, as wood does, that can
be used as fuel.

The Aging of Black Liquor and Biomass Boilers

As a result of industry expansion and rebuild strategies during the decades of the 60’s and 70’s,
nearly 70 percent of the industry’s recovery boilers were built or underwent major rebuilds between
1963 and 1980. Given that statistically significant data indicates the useful life of these units is
around 30 years, most will need major attention or replacement over the next 15 to 20 years. A
similar, although slightly less compelling, situation exists for the industry’s biomass boilers.
Potentially this situation represents a window of opportunity in a 30- year cycle for the introduction
of more energy-efficient technology. '

Constraints on Air Emissions

Although the industry has had an impressive record of air emissions reductions, further
improvements will be necessary as we proceed into the next century. These changes will also
provide challenges for the industry’s processing equipment and motivation for technological change.
All mills must also factor in both the capital and operating costs of continually tightening air
emissions regulations.

Capitalization

In all that has been said to this point, the impact on capitalization must be kept in perspective.
Currently, the pulp and paper industry is twice as capital intensive as the average for the industrial
sector—and this capitalization is increasing at a rate of 2.7 percent per year as compared with
1.6 percent per year for all manufacturing. Any new technology introduced must provide an
opportunity for reducing capital requirements per ton of product produced.
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¢  Renewable Energy

According to the U.S. Department of Energy (DOE), in 1995 the total biomass-based energy
(measured in quads or (10" Btu)) production in the U.S. will be just under 4 quads. The nation
currently uses about 82 quads of energy in total. Because of its ready supply of bark and residuals
(including lignin in black liquor), the pulp and paper industry is responsible for 90 percent of the
national total of energy from renewable sources. DOE predicts, however, that by 2010 the national
renewable energy production from biomass will rise to over 5 quads annually—and to over 15 quads
by 2030. At projected growth rates of genetically improved species, the land required to achieve this
2030 objective will be over 100 million acres at the current conversion efficiency of biomass to
electricity. Therefore, it will be essential, even if only a significant fraction of this goal is achieved,
that biomass-to-useful-energy conversion processes be as efficient as possible.

¢  Biomass-to-Energy Conversion Technologies

Conversion efficiency can be increased through innovations in drying biomass before conversion to
useful energy, but will be attained primarily through advances in conversion technology. The Dutch-
oven boiler of the 1950’s operated at less than 15 percent overall thermal conversion efficiency to
electricity with a condensing turbine. It is expected that the advanced biomass gasification combined
cycle (BGCC) technologies now emerging will produce three times as much electrical energy from
the same amount of biomass, operating at close to 45 percent efficiency. If these technologies can
be shown to be cost-competitive, they will become the technologies of choice over the next 10 to
15 years. Biomass and black liquor will not be delivered to furnace cavities, but rather to gasifiers.
The gases exiting the gasifier will be cleaned and used to fuel gas turbine combustors and the lime
kiln. Steam will be produced in heat recovery steam generators downstream of the gas turbines.
This steam will be used for further power generation and for process steam. The result will be a
significant technology shift for many of the industry’s manufacturing facilities, from high-
steam/moderate-electricity operation to lower-steam/higher-electricity operating designs. BGCC
systems will be an important part of that technology shift.

We are entering an era where considerably increased attention is going to be focused on biomass as an
energy source. Because of such focus, technology advancement in growing, harvesting and conversion
of biomass to energy will likely occur. This is happening at a time when much of the technology for
gasification combined cycle has been developed as a resuit of the last decade’s intense funding by the
DOE of the clean coal program — and when mills need the capability for more electric power generation,
air emissions regulations are becoming more stringent, the industry’s black liquor and biomass boilers
are maturing, and the need for lower capital technologies is clear.

All these factors present a challenging but strategically advantageous opportunity to transform many of
the American pulp and paper industry’s operating facilities from net power consumers into balanced
producer/consumers, or even net power producers.

It is for these reasons that Weyerhaeuser—in partnership with Amoco, Carolina Power and Light (CP&L)
and Stone & Webster-~applied for and received from NREL and EPRI shared support to undertake this
feasibility study. The compelling reasons for including an evaluation of the biomass-to-ethanol
technology contributed by Amoco were the realization that export power may not always be the most
attractive marketable product from an integrated facility and that the advances being made by developers
of biomass-to-ethanol processes are nearing the point where this technology must be considered as a
serious alternative. It is believed that this feasibility study represents a first attempt to compare biomass
gasification combined cycle technology with biomass to ethanol at a real site-specific operating market
pulp mill.
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1.2 Review of Gasification Technologies

The first major decision point of the Phase I Feasibility Study was to select the biomass gasification
technology that would be the basis for the preliminary engineering and costing of the New Bern Mill
retrofit project.

1.2.1 Evaluation Approach

Available biomass gasification technologies were identified from Weyerhaeuser and Stone & Webster
experience and from the literature. The developers or licensors of these technologies were then contacted
to determine if they wished to be considered for the Weyerhaeuser New Bern Biomass to Energy
Demonstration Project. The candidate technologies were as follows:

Bioflow (Ahlstrom/Sydkraft)

Enviropower (Tampella Power)

HTW (high temperature Winkler, licensed by Lurgi)

TPS Termiska Processer

Lurgi CFB Gasification Process

Battelle Low Inlet Velocity Gasification Process (licensed by FERCO)
MTCI Steam Reforming Process (ThermoChem)

American Carbons Inc. Pyrolysis/Carbonization Process

To obtain the latest information on the technology, its state of development and the capabilities of the
owner/licensor, each owner/licensor was sent a "Request for Qualifications” which included the
information request presented in Table 1-1. After responses were received, meetings were scheduled to
allow the project team to ask follow up questions. The meetings were attended by Stone & Webster,
Weyerhaeuser and Amoco team members and NREL observers. Prior to the meetings the project team
developed evaluation criteria which are given in Table 1-2.

To further assess the state of development of the technologies, Weyerhaeuser personnel toured several
research, pilot and commercial gasification facilities subsequent to the technology supplier interviews.

1.2.2 General Discussion of Biomass Gasification

In the gasification process the biomass is heated to vaporize water and volatile compounds. Heavier
organic compounds are cracked into lower molecular weight compounds and several chemical reactions
involving carbon, carbon monoxide, steam, hydrogen, low molecular weight hydrocarbons and oxygen
occur. The heat required to maintain the required gasification temperature is usually provided through
the combustion of a portion of the carbon to carbon dioxide which means a controlled amount of air is
introduced into the gasifier. The resulting fuel gas will therefore be diluted with nitrogen and steam and
will have a heating value of about 150 Btu/standard cubic foot (scf). Alternatively the heat for
gasification can be provided indirectly which avoids production of carbon dioxide through combustion
and introduction of nitrogen with the air stream. In these indirect designs, the resulting fuel gas will have
a heating value in the range of 400 to 500 Btu/scf. The MTCI and Battelle processes involve indirect
heating approaches.
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Table 1-1: Information Request Biomass Gasification Technology Qualifications

Provide any company/corporate information you consider pertinent to this project and include a copy
of your latest annual report

Describe in as much detail as possible your biomass gasification technology and how it can be
utilized to provide fuel gas for a gas turbine/combined cycle cogeneration plant, your approach to
dealing with gas cleanup, and clearly explain the boundaries/battery limits/interfaces of the
technology you would provide; i.e., the scope of your responsibility. Describe the usefulness of any
by-product the technology may produce. Also discuss the environmental impacts of the technology.

Explain the ownership rights to the technology intluding all its parts as provided by patents, licensing
agreements, etc.

Are there any unresolved legal actions regarding ownership of or rights to the technology or any part
of it?

Explain your business plans with respect to this technology, including any applicable license and/or
royalty fees, e.g., will license technology only and provide a process design package; will design
fabricate and supply major equipment; will furnish and erect complete scope of the technology; etc.

Explain guarantees offered.

Discuss the state of development of the technolagy; include bench scale, pilot scale, demonstration
and commercial facilities planned, under construction or built; to the extent possible, for each facility
provide location, date in service, size (capacity) and biomass feedstock(s). For pilot scale and larger
facilities, we are interested in operating hours logged to date and longest continuous run. For
demonstration and commercial plants, annual on-stream factors (actua! annual production divided by
theoretical production if operated at full capacity for the entire year) is of importance.

‘What experience regarding biomass feedstocks have you had? Discuss feed preparation requirements
and allowable variability. For each feedstock that you have experience with, we would appreciate any
available process heat and material balances including compositions of input and output streams.

We are interested in your opinion as to the ability to design a plant to handle multiple feedstocks
such as harvested biomass, bark, sawdust and pulp mill sludge. What testing would be required to
establish a design basis? Where would this testing be performed, and what would be your estimate of
the cost?

10.

State capacity (in million Btu(s) per hour of product gas) of the largest single gasifier which you
would be willing to offer and your basis for scale up.

11.

Discuss your perspective of maintenance requirements for your technology, including frequency
intervals and planned maintenance outage duration. For demonstration and commercial plants for
which you have experience, provide to the degree possible any annual forced outage rates and major
causes of unplanned or forced outages.

12.

We are also interested in your view of operating requirements (labor, skill level, utilities, etc.), ease
of operation, turndown capability, start-up and shut-down considerations and safety issues that
distinguish your technology from that of competitors.

13.

Please describe any previous experience in working in or designing systems to be compatible with the
pulp and paper operating environment; e.g., process steam systems, process integration, mass/energy
considerations relative to host mill, environmental benefits/impacts, etc.

14.

Please indicate if you are willing to offer any cost sharing to participate in the demonstration.
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Table 1-2: Evaluation Criteria

Commercial readiness of technology

e & 0 06 0 06 0 o o

Hours of operation (Pilot/Commercial)
Longest continuous operating time
Maintenance history

Ownership

Guarantees

Reliability

Identified technical and operating hurdles/issues
Demonstrated reliability of data
Engineering evaluation completed (existing
eng. design package)

Cost to develop

Development schedule

Supplier Profile

Manufacturing capability

Credibility of cost estimating/scale-up
Technical support capabilities

Track record of process design/scale-up
Project engineering and management capability
Financial viability of company

Experience with forest products industry
Commitment to product line

Installation list for related technologies

Scope of supply

Suitability for BGCC application in pulp and
paper environment

Process steam opportunity

Degree of process integration

Useful by-product

Mass/energy considerations relative to host mill
Environmental benefits/impacts

Operation and control considerations

Number of operations

Control loops and philosophy

Maintenance

Availability

Start-up/shutdown

Size considerations (how big)

Scale-up (how much larger than existing units)
Ease of operation

Safety

Material of construction

Opportunity for competitive advantage

Concessions/license

Shared risk
Cost/operational economics
Thermal efficiency

Market potential
Marketing/sales capacity

Adaptability to changing feedstocks

Experience with biomass feedstocks
Feedstock flexibility

Capital cost impact

Operational cost impact
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The TPS, Lurgi CFB, MTCI, Battelle, and American Carbons processes operate at near atmospheric
pressure and therefore the fuel gas must be compressed for gas turbine applications. The Bioflow
(Ahlstrom), Tampella, and HTW processes are being developed specifically for integrated gas turbine
combined cycle applications. These processes operate at a sufficient pressure (above 300 psig) such that
the fuel gas product can be fed to the selected combustion turbine without additional compression.

The elements of a complete gasification plant include the fuel processing system, the gasifier vessel, the
ash removal system and fuel gas cooling and cleanup systems. Pressurized gasification processes require
more complex feed and ash removal systems. The most critical part of the process is the cleanup system.
Proven cleanup systems include bag filters and scrubbers.

To minimize cooling of the fuel gas and avoid decreasing the overall efficiency of the gasification power
plant, Ahlstrom and Tampella employ hot gas cleanup technology which consists of developmental
ceramic candle filters. One advantage of the hot gas cleanup approach is that the gasification plant
produces no wastewater.

Fluidized bed gasifiers operate at conditions which with many biomass feeds will result in a fuel gas
containing a small, but potentially troublesome quantity of heavy organic compounds called tars. These
tars condense upon cooling of the fuel gas and may cause plugging and fouling problems. The tars can
be removed with water scrubbing, but this reduces the overall efficiency of the process and increases the
wastewater treatment requirements. Limestone or dolomite has been shown to catalyze the cracking of
tars to trouble-free lower molecular weight compounds.

Air blown fluidized bed gasifiers produce a fuel gas with a significant ammonia content which would
result in high nitrogen oxides (NO,) emissions upon combustion of the fuel gas. Cold gas cleanup
approaches can incorporate acid scrubbers to remove the ammonia. However, the more efficient hot gas
cleanup processes requires post combustion selective catalytic reduction to meet NO, standards.

The proposed biomass feed is approximately 50 percent by weight water. In order to produce a fuel gas
with a minimum acceptable heating value for gas turbine applications, the air blown gasifiers typically
require a maximum moisture content of about 20 percent by weight thus requiring the inclusion of a
dryer. A dryer increases capital costs, requires a heat source that can impact the overall biomass to
power efficiency, and adds the potential for air emissions from the dryer exhaust.

For the Ahlstrom and Tampelia technologies employing dry, hot gas clean up, removing alkali
compounds from the hot raw fuel gas is an important consideration. For these technologies the fuel gas
must be cooled to a low enough temperature to condense the alkali compounds. These compounds
condense on particulate matter present and are then captured by the hot gas filter. If the proper
conditions for this to occur- are not provided, the turbine fuel specification may be violated.

1.2.3 Synopsis of the Candidate Technologies

Tampella

Tampella Power Corporation is developing a pressurized, air blown, hot gas cleanup, integrated
gasification combined cycle technology. The gasifier is a spouting type fluidized bed which was
developed by the Institute of Gas Technology (IGT) for solid fuels including coal, biomass, peat, and
petroleum coke. Tampella purchased licenses for these technologies (U-Gas for coal and RENUGAS for
biomass) in 1989. Tampella established a new subsidiary, Enviropower Inc. to pursue and demonstrate
the application of the technology.
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For biomass feeds, dolomite is injected into the gasifier to control tar formation and to provide additional
particulate matter on which alkalis can condense prior to removal in a ceramic candle filter.

Tampella designed and built a 15 megawatt thermal (MWt) pilot plant in Finland based on the licensed
technology. The pilot plant through November, 1993 had gasified approximately 265 tons of hardwood
(trunk-wood with bark), 1900 tons of hardwood and softwood mixtures, and 1450 tons of hardwood,
softwood, and saw-mill residue mixtures. Wood feedstocks tested include Spruce, Larch, Pines, Birch,
and Alder. During the test runs the gasifier was operated at capacities ranging from 50-60 MBtu/hr.
The heating value of the product gas ranged from 135-160 Btu/scf, suitable fuel for a gas turbine
generator. The hot gas cleanup system performed to expectations: no tars; particulates below detection
limits (<5 ppmw); and acceptable alkalis (.01-.1 ppmw). The ammonia content of the product gas
ranged from 650 to 2,000 ppmw. During December,1994, a 50/50 mixture of 22 tons of Danish straw
and Columbian coal were successfully run. In February, 1995, 700 tons composed of mixtures of
50 percent Finnish hardwood and softwood and 50 percent mill wastes (bark, sludge, saw residues, paper,
wood residue and plastics) were gasified without any difficuity.

In addition to a license for the use of the technology, Tampella would expect to provide as a minimum
the process and engineering design for the proprietary components of the gasification island. Tampella
would consider furnishing the gasification island on a turnkey basis. Tampella’s preferred battery limits
for the gasification island are downstream of the gasification system and upstream of the gas turbine inlet
control valve. Included within these limits are feed systems, the gasifier, gas cooling, hot gas cleanup,
solids removal, and participation in the design of the heat recovery steam generator (HRSG).

Tampella is not prepared to offer commercial guarantees on the technology prior to a commercial scale
demonstration. Tampella is ready to design a single gasifier to feed a gas turbine as large as the General
Electric Frame 6FA. The resulting biomass gasification combined cycle plant would have a net power
output of 105 MWe.

Based on pilot plant operations, Potential Problems Analysis (PPA) and other safety studies performed
by Tampella/Enviropower for the gasifier system, 15 to 25 percent unscheduled outages are anticipated
for the commercial demonstration. For follow on projects Tampella expects the unscheduled down time
to drop to 10 percent to 15 percent. Coupled with scheduled downtime the mature technology is expected
to have an availability of 82 percent to 88 percent.

Battelle

The Battelle Low Inlet Velocity Gasification (LIVG) process is an indirectly heated, atmospheric pressure,
circulating fluid bed gasifier. The feed is brought to gasification temperature by mixing with hot sand.
The gasifier is fluidized with either steam or recycle fuel gas. Since no air is used in the reaction vessel,
the process produces a medium Btu heating value fuel gas without the use of oxygen. The gasifier is
operated to achieve incomplete carbon conversion and as a result the medium Btu gas leaves the gasifier
with sand and char. The char and sand are separated and fed into a separate circulating fluidized bed
combustor where the char is burned and reheats the sand which is collected and fed back to the gasifier
inlet.

Battelle began developing the process in 1977 and built a process research unit (PRU) in 1980. The PRU
gasifier was initially 6-inch diameter, but has since been replaced with a 10-inch diameter gasifier which
has a maximum capacity of about 3 MWt with wood feed.
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Battelle has accumulated over 20,000 hours of testing in the PRU. A wide range of materials have been
tested including hardwood and softwood chips, shredded bark, sawdust, whole tree chips, shredded stump
material, refuse-derived fuel (RDF), hybrid poplar and switchgrass.

The longest continuous run in the PRU has been 96 hours. Battelle reports that since its inception, the
PRU has operated very reliably. -

Battelle has published several papers publicizing the advantages of the process, but the papers do not
detail the complete process requirements. The papers show no dolomite injection for tar control. The
fuel gas is cleaned of particulate matter using a water scrubber. The flue gas from the combustor vessel
is used in a biomass feed dryer. It is not clear whether additional cleanup of both the fuel gas (to meet
gas turbine requirements) and the flue gas to meet emission limits will be required.

In late 1992 Battelle granted Future Energy Resources Corporation (FERCO) rights to the technology,
FERCO with the help of Zurn Nepco is currently developing projects based on the technology. They
have a contract to build a demonstration facility at the existing wood-fired McNeil power station in
Burlington, Vermont. The plant is scheduled to be operational in 1996. The gasifier will have a capacity
of 200 tons per day (TPD) of dry feed (about 25 MWt). The gas will be initially fired in the existing
boiler, but the plan is to add a 1600 kW gas turbine later.

Depending on the customer’s preference, FERCO will either license the technology and provide a process
design package or provide a complete turnkey project covering the gasification island or the complete
gasification power plant. FERCO will provide guarantees once the demonstration project in Burlington
has been successful.

TPS Termiska Processer (TPS)

TPS is an independent Swedish company specializing in energy and environmental process research and
technology development. TPS’s research and development on biomass gasification began in the late
1970s. During the early 1980s they focused on the development of MINO pressurized oxygen blown
biomass gasifier and built a 2.5 MWt pilot plant. Beginning in 1985 TPS in cooperation with ABB-Flakt
of Sweden developed a bark-fueled air-blown circulating fluid bed gasifier to produce a low Btu gas for
firing in lime kilns in kraft pulp mills. A 2 MWt pilot plant was built and research and pilot plant test
work focused on the air-blown atmospheric pressure process and its application to the thermal processing
of biomass and waste fuels. Wood chips, wood pellets, pelletized industrial waste, pelletized RDF, and
more recently Brazilian eucalyptus have been tested in the pilot plant.

TPS believes a separate tar cracker vessel following the gasifier is required to control tar formation. The
tar cracker is a fluidized bed of dolomite. The process includes cold gas cleanup of the fuel gas
consisting of a bag filter and an acid scrubber to remove ammonia.

Two 15 MWt RDF-fueled gasifiers have been built in Italy providing fuel for a boiler and a cement
factory. The first unit began operation in November 1991 and the second unit in September 1992. Most
of the problems in the plant have been associated with equipment outside of the gasification system.
During tests in April 1992 availabilities of more than 85 percent were recorded. TPS is currently
studying the feasibility of a 50 MWt cogeneration project in Sweden. TPS is one of two gasifiers being
considered for the Brazilian Biomass Gasification Combined Cycle Demonstration Project.

TPS is willing to scale up a single gasiﬁér to 100 MWt capacity. TPS will license the technology and
provide engineering and services and startup assistance. TPS would consider providing a performance
guarantee.
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HTW

The HTW gasification process is a pressurized version of the atmospheric pressure Winkler coal gasifier
which was widely applied until the 1960s. Rheinbraun AG, a German coal company, began developing
the HTW process in 1974 in order to utilize German brown coal. The process can be operated with
either air to produce a low Btu heating value gas or with oxygen to produce a medium Btu heating value
gas.

In 1979, Rheinbraun commissioned a 25 to 40 ton per day (TPD) pilot plant in Germany which operates
at 146 psi. In 1985 the first commercial size plant was started up in Germany. The plant capacity is 730
dry TPD of brown coal. It used oxygen and produces a synthesis gas which is converted to methanol.

In 1988, an HTW plant in Finland began operation. The unit was recently shut down. It was designed
for 27 TPH of dry peat (about 90 MWt), but the actual feed was a mixture of 60 percent peat and
40 percent wood. The plant operated at pressures as high as 190 psi, was oxygen blown, and produced
a synthesis gas which was converted to ammonia.

In 1989, Rheinbraun started up a pilot plant in Germany for gasification tests at pressures up to 365 psi.
This pilot plant has a capacity of 160 TPD of dry German brown coal (about 30 MWt).

Rheinbraun reports that the above plants have been very reliable.

For projects based on the HTW technology, Rheinbraun will provide a license for one time use of the
technology. Rheinbraun has entered into an exclusive arrangement with Lurgi and Uhde, two German
engineering firms. The two companies will provide each licensor with an engineering package
(conceptual/preliminary design) and furnish proprietary equipment. The technology scope or gasification
process island will cover the biomass dryer to the inlet of the gas turbine. Typical process guarantees
will be provided covering biomass throughput, gas production, gas composition, power and utilities
consumption, as well as pertinent environmental performance.

Based on information provided by Lurgi, the process scheme for biomass includes dry particulate control
using candie filters and does not include dolomite injection for tar control. The ash withdrawn from the
bottom of the gasifier contains about 60 to 70 percent carbon or char by weight and could be used as fuel
for a boiler.

"MTCI

MTCI refers to its gasification process as steam reforming technology because it is an indirectly heated
fluidized bed gasifier using steam instead of air to fluidize the bed. Heat exchanger tubes in the bed
provide the heat necessary to sustain the gasification reactions. The heat source inside the tubes is flue
gas generated by combusting a portion of the product gas. Since air is not used, a medium Btu heating
value gas is produced.

The key to the technology is the pulsed combustor developed by MTCI. The pulsing action enhances the
heat transfer from the flue gas through the tubes to the bed of feed being gasified.

MTCI has built a 33 Ib/hr pilot unit and during 1985 and 1986 under a DOE program tested biomass
feeds including pistachio shells, wood chips, rice hulls, recycle paper mill sludge, Kraft mill sludge,
RDF, and municipal solid waste. A larger pilot plant (200 Ib/hr) was built and from 1987 to 1989 was
used to test paper mill wastes and black liquor. In 1990 EPA sponsored tests using municipal solid waste
and RDF.
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In 1992 MTCI built a 1 ton per hour (TPH) paper mill sludge gasifier at an Inland Container Corporation
plant in California. Testing of the unit began in May 1992. A successful 500 hour extended duration
test was conducted during July 1993. A total of 138 tons of as-received sludge was gasified. The
gasifier and pulsed combustor heat exchanger were 100 percent available during this test run. However,
the actual availability of the unit was 85 percent due to problems with the siudge feeder and utility

supply. -

The Inland Container unit was shut down and relocated to MTCI’s Baltimore facility where it is used for
largescale pilot testing. About 23 tons of wood chips and 20 tons of wheat straw were recently tested
in the unit. MTCI has reportedly sold a 60 TPD black liquor gasifier in India, a 120 TPD distillery spent
wash gasifier in India and a 1 TPH black liquor gasifier in Spain. These units were built during 1992
and 1993. A 120 TPD black liquor gasifier was built with DOE support at the Weyerhaeuser pulp mill
in New Bern, North Carolina. The unit was started up in the spring of 1994. About 2 months into the
startup an internal cyclone in the gasifier broke away from its support and damaged some of the in bed
heat exchanger tubes. Repairs are being made.

To date MTCI has focused on applications directly coupled to an existing boiler. They have provided
conceptual schemes for integration with a combustion turbine which state that a venturi scrubber is one
of the options for removing particulates from the fuel gas. They do not discuss tar formation and do not
show injection of dolomite.

MTCI has created a subsidiary company called ThermoChem to market the technology. For each project
ThermoChem intends to form a joint venture company with an engineer/procure/construct (EPC)
contractor to provide a turnkey installation including the power generation equipment. They will also
operate the unit. The permitting and operation and maintenance will be sub-contracted to Ogden
Environmental Services. Licenses, royalties and guarantees are subject to negotiation.

Lurgi CFB

Lurgi is a major supplier of circulating fluid bed (CFB) boilers. A 1.7 MWt pilot plant in Frankfurt was
used to develop an atmospheric pressure CFB process. Lurgi states that the process can be operated with
either air or oxygen, but all the experience to date appears to be with air. Petcoke, coal, lignite,
anthracite culm, wood, tree bark, waste wood, straw, RDF, rubber waste and pulp mill sludges have been
tested in the pilot plant.

In 1987, a 25 MWt gasifier was placed in service at a pulp and paper mill in Austria. The gasifier
produces low Btu gas fuel for a lime kiln. This plant was designed for tree bark, wood waste and up to
20 percent paper mill sludge. Lurgi states that the only problems with the plant has been due to the
biomass dryer. The dryer was designed to dry feeds ranging from 15 percent to 50 percent moisture.
The feeds tested however have exceeded 50 percent moisture content. The plant has successfully tested
straw. :

A 100 MWt gasifier is currently under construction in Germany. The gasifier is designed for a mixture
of lignite, demolition wood waste, RDF, and rubber waste. The low Btu gas produced will be fired in
a cement kiln.

Lurgi has provided a scheme for gas turbine application which shows a fuel gas cleanup system that
comprises a secondary cyclone, a dry filter (the filter type is not specified) and a two stage scrubber.
Particulates are removed in the cyclone and filter and undesired inorganic (ammonia, hydrogen cyanide,
hydrochloric acid, etc.) and organic (phenols, fatty acids, oil, i.e. the tars) are removed in a two stage
scrubbing system. Particulates captured in the cyclone and filter are recycled to the gasifier. The only
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outlet for ash is from the bottom of the gasifier and Lurgi states that this ash is very low in carbon
content.

For each project based on the CFB gasifier, Lurgi will provide a license for one time use of the
technology. As part of the licensing agreement, there will be requirements that Lurgi provide as a
minimum a process design package, technical assistance for the detail design, startup and initial operation
and supply of all proprietary equipment. The technology boundary is from the biomass dryer to the inlet
of the gas turbine. Lurgi will provide typical process guarantees covering biomass throughput, gas
production, gas composition, power and utilities consumption, as well as pertinent environmental
performance. ‘ '

Bioflow

In the early 1980s, A. Ahlstrom Corporation of Finland, well known for its circulating fluid bed boilers,
developed an air blown, atmospheric pressure biomass gasifier to provide a fuel gas for lime kilns. The
first commercial unit was installed in 1983 at a Finnish mill. To date Ahistrom has supplied three more
of these gasifiers.

In mid 1991, Ahistrom and Sydkraft AB, the largest private utility company in Sweden, agreed to jointly
develop integrated biomass gasification combined cycle (IGCC) technology based on a pressurized version
of the Ahlstrom CFB gasifier. Ahlstrom built a 7 MWt pressurized gasifier pilot plant in Finland and
tested waste wood chips, bark and sawdust.

Based on the pilot plant test results, the companies began developing an 18 MWt IGCC cogeneration
demonstration project in Varnamo, Sweden. In 1992 the two companies formed a joint venture company,
Bioflow LTD., to market the technology.

The Bioflow process includes dolomite injection to the gasifier and hot gas cleanup using ceramic candle
filters.

The Varnamo demonstration plant uses waste wood chips. The gasification portion of the plant started
up in 1993 and has operated favorably. The gas turbine combined cycle portion of the plant was started
up using oil in June, 1994. In October, 1994, the plant integration of the gasification and combined cycle
was scheduled to occur. The gas turbine is a 4.8 MWt unit supplied by European Gas Turbines.

In early 1994, Bioflow performed a feasibility study for a 60 MWt biomass IGCC plant to be located at
a pulp mill in Finland. The resuits of the feasibility study are being evaluated.

The pressurized Bioflow technology is being evaluated against the atmospheric pressure TPS technology
for application in a 30 MWt biomass gasification combined cycle demonstration plant in Brazil.

Bioflow will license the technology and be responsible for design from the biomass dryer to the inlet of
the gas turbine., Ahlstrom will supply the gasifier. Bioflow will likely provide guarantees once the
Varnamo demonstration plant has been successfully operated.

American Carbons, Inc. (ACI)

American Carbons, Inc’s. (ACI) technology is pyrolytic conversion of carbonaceous materials into carbon
products, oil, and gas. The process was developed by American Can Company from 1960 through 1978
and was called the Tech-Air process. ACI licensed the technology in 1979 and acquired all the rights
to the technology in 1988. In the early 1980s ACI continued technology development and patented
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process called GRPP Technology. A non-exclusive license was issued to the Kingsford Company in
1982. A license, exclusive for Hawaii and certain Caribbean locations, was granted to Carbon Group
Limited in 1986. )

The pyrolysis or carbonization process takes place in a vertical packed bed reactor which converts the
biomass into a solid char (carbon), a low Btu heating value fuel gas and a single phase low molecular
weight organic emulsion (oil). About 32 percent by weight of the feed is converted to char, about
20 percent to oil and the remainder to gas.

To provide only a fuel gas, two options are possible. The char can be recycled in the pyrolyzer and the
liquid product can be gasified in a separate gasifier or the char and the liquid feed can be gasified in a
separate gasifier.

In developing the pyrolysis process, many different pilot units up to 50 TPD capacity were built. A

- prototype pyrolyzer was operated from 1973 to 1979 and is reported to have had an 83 percent
availability. A 7500 Ib/hr (dry basis) unit for the production of a high volatile content carbon was built
in California and operated from 1983 to 1989. The plant shut down in 1989 because it was ruined by
a fire in the product storage area. Based on this experience ACI expects to be able to achieve a
90 percent availability factor.

ACI plans to limit a unit size to 12,500 Ib/hr of bone dry feed (which will result in a pyrolyzer vessel
plan area of about 55 square feet) and simply offer parallel trains to achieve the desired capacity. The
feed would be dried to less than 20 percent moisture and the fuel gas should range from 125 to
150 Btu/scf.

ACT has formed a joint venture with ICF Kaiser International to commercialize and further develop the
technology. The joint venture intends to provide process design, fabrication, procurement and
construction of a complete gasification and power generating facility. They may also license the
technology. ICF Kaiser is willing to provide process guarantees for the basic pyrolysis unit, but not to
the broader full-scale gasification application.

1.2.4 Weyerhaeuser Visits to Gasification Facilities
The following gasification facilities were visited by Weyerhaeuser personnel:

¢  The dual 15 MWt atmospheric recirculating fluid bed gasifiers designed by TPS and built by Ansaldo
in Greve-in-Chianti, Italy

e The 2 MWt atmospheric pilot facility at TPS in Studsvik, Sweden

The VTT (Technical Research Center of Finland) pilot facilities in Espoo, Finland

e The 15 MWt internally recirculating pressurized fluid bed gasifier pilot facility built by Tampella-
Enviropower and located in Tampere, Finland

e The pressurized steam dryer system pilot facility built by Imatron Voima Oy (IVO) and located at
Jyvaskyla, Finland

e The 15 MWt pressurized externally recirculating fluid bed gasifier and integrated combined cycle
commercial plant, built by Ahlstrom and operated by Bioflow in Varnamo, Sweden

Based on these plant visits and discussions, Weyerhaeuser identified some areas of primary importance
to successful commercialization and operation of BGCC technology including:
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¢  Materials handling - particularly feed systems for pressurized gasifiers and dryers. Operating
availability of lockhopper or piston feeders is still questionable and the inert gas requirements of the
lockhopper systems is an operating issue.

*  Appropriate bed material (dolomite, limestone, etc.) for the recirculating systems that will both
achieve the necessary "catalytic cracking" of the tars and maintain acceptable levels of carryover and
attrition. . Progress has been made and the concept has been proven, but optimum materials have not
yet been found.

* For the hot gas cleanup designs, operating conditions or operating windows are currently being
optimized that will achieve the necessary tar cracking without sintering, provide for removal of alkali
metals, and protect the operation of both the hot gas filter and the gas turbine. .

e  Although recent experience with candle filters looks promising, long term operating results are as
yet unavailable for biomass gasification systems.

¢ For the atmospheric systems in particular, the cracking and removal of organic compounds,
principally naphtha, must be dealt with in a long term, acceptable manner.

®  Acceptable and economic methods of dealing with the ammonia formed in the gasification process
and its impact on gas turbine nitrogen oxides emissions need analysis. The approaches are greatly
different between atmospheric and pressurized systems.

¢ Methods of handling mill load swings must be determined. Depending upon the design of the BGCC
cogeneration plant, supplemental firing of the HRSG with biogas may be required to follow mill
steam demand while keeping the gas turbine base loaded.

* Both flue gas and integrated steam drying technologies are being considered by the different
suppliers of gasification systems. However, most of these suppliers would likely prefer to limit their
scope of supply to the gasification, gas cleaning and turbine systems. The dryer integration will
have a significant impact on BGCC economics. .

The plant visits were conducted under secrecy agreements and therefore details of the plant tours can not
be published. It was noted that based on the level of effort being expended on this technology,
commercial operation of a BGCC plant should be achievable in two to three years.

1.2.5 Gasification Technology Selection

Upon completion of the evaluation of candidate gasification technologies, MTCI and ACI were eliminated
from further consideration-MTCI because of the fact that Weyerhaeuser and DOE are already gaining
experience with this technology through a black liquor gasification project also being implemented at the
New Bern mill. The ACI technology was considered to be extremely interesting, but it did not clearly
fit the criteria set forth for BGCC and the scale up to the size anticipated for the New Bern project was
deemed to be a high risk at this time.

The team believed there was an insufficient basis for selecting among the remaining technologies.
Consequently, it was decided to find out which technology suppliers would be willing to provide specific
design information to proceed with the conceptual engineering and costing of the New Bern BGCC
Demonstration Project. Each of the vendors was given a design basis and asked to respond with
information.

Bioflow (Ahlstrom) said that they could not respond at this time because all their energies were focused
on the Varnamo plant start up. FERCO advised that they had established a design/construct relationship
with Zurn-Nepco; however Zurn-Nepco advised that their resources were directed at the Burlington
demonstration project. Consequently, they offered to provide information directly to Weyerhaeuser at a
later time which could be compared to the Phase I feasibility results. For the HTW and its own CFB
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gasification process, Lurgi was only willing to provide an overall summary material balance and total
estimated price for the gasification island.

Only Tampella and TPS agreed to closely interface with Stone & Webster and Weyerhaeuser in order to
develop a detailed heat and material balance suitable for determining plant performance and a basis for
preparing a reasonable capital cost estimate. As a result, these two technologies were utilized in the
study, providing an excellent basis for comparing the benefits and issues of an atmospheric and a
pressurized gasification system integrated with the needs of a bleached kraft market pulp mil.

1.3 Design Basis

1.3.1 Biomass Gasification Combined Cycle (BGCC) Cogeneration Plant

The New Bern Pulp Mill generates process steam and electricity using a black liquor recovery boiler, a
power boiler, and an" extraction backpressure steam turbine generator. The power boiler, although
designed to burn mill residuals (rejected or waste biomass), is currently able to fire only oil as a result
of emissions limitations. The power boiler is also referred to as a bark boiler or a hog-fuel boiler.
Weyerhaeuser is considering life extending (modifying) the power boiler and retrofitting emission controls
which would allow it to once again burn biomass. The BGCC cogeneration plant is an alternative to the
bark boiler retrofit project (which is referred to in this report as the Base Case Mill).

A general Electric Frame 6B gas turbine was selected as the basis for the BGCC plant since a biomass
gasifier firing the 6B gas turbine with a heat recovery steam generator (HRSG) is of the right size to meet
the steam requirements of the mill following the completion of a fiber-line modernization project planned
for start-up in late 1997.

With maximum throttle steam flow, the mill’s extraction/backpressure steam turbine generates 29 MWe.
The mill’s electricity consumption is 34.5 MWe, so 5.6 MWe is purchased. The turbine extraction
provides 155 psig process steam and the turbine exhaust supplies 55 psig process steam. The throttle
steam conditions are 850 psig/825°F. Because of the backpressure design, if the mill need for 55 psig
steam drops, either the throttle flow to the turbine must be reduced accordingly or the excess 55 psig
steam must be vented. The practice is to decrease the throttle flow which results in less electric
generation and increased outside power purchases. To eliminate this problem, a 10 MWe condensing
steam turbine generator (with the same throttle conditions as the existing turbine) is included as part of
the Base Case Mill (bark boiler retrofit project) and the BGCC retrofit project.

The pulp mill and associated saw mill produce approximately 129,000 bone dry tons (BDT)/year of
biomass wastes. The BGCC project will require additional biomass feed which will be supplied from
forest management thinnings and other sources which are discussed in detail in Section 3.

Table 1-3 provides the overall design basis for the BGCC plant. The major requirement as of June 1994
based on a predicted steam demand after fiber line modernization is that the BGCC plant reliably supply
156,000 1b/hr of 850 psig/825°F steam and 45,000 Ib/hr of 155 psig saturated steam. The mill is
planning to convert its existing once-through cooling system to a mechanical draft cooling tower. The
cooling load of the BGCC plant will be added to the mill cooling water load and the incremental cooling
tower cost included in the BGCC plant cost estimate. Deaerated boiler feed water will be provided to
the BGCC plant from the existing mill turbine-driven boiler feed pumps. The analyses of boiler
feedwater, process water and potable water which are available from the existing systems are given in
Table 1-4. Wastewater streams will be treated in the existing mill wastewater treatment system. The mill

29810.803 1-15
695



is planning to install a stripping system for gas streams containing trace amounts of volatile organic
compounds. This system will also be available for BGCC plant use.

1.3.2 Ethanol Plant

Much of the residual biomass generated at the mill site is bark which is high in lignin and not a suitable
feed to the ethanol plant. Therefore, the ethanol plant feed will be trucked in biomass (wood chips from
forest thinnings and other sources discussed in Section 3). The ethanol plant overall design basis is given
in Table 1-5. The plant is sized to process 1000 BDT per day of biomass. This feed still contains lignin
which becomes a byproduct of the ethanol process. If the ethanol plant is sited with the Base Case Mill
(refurbished bark boiler), the lignin will be sold as fuel. Since the Base Case Mill can only supply the
mill process steam needs, the ethanol plant design considered here includes an oil-fired packaged boiler
to satisfy its steam requirements.

The ethanol plant can also be included as part of a BGCC retrofit project. In that scenario, the BGCC
plant would provide the ethanol plant steam needs in addition to replacing the bark fired boiler’s steam
supply. The ethanol plant lignin byproduct will be used as part of the BGCC plant feed.
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Table 1-3: BGCC Plant Design Basis

Site Data

e Location: New Bern, North Carolina
e Elevation: 12 feet msi

e Wind Load: 110 mph

®  Seismic Zone 1

®

Pile foundations for major structures

Utilities

Cooling tower with river water makeup

Cooling water inlet temperature 90°F
Demineralized (boiler feedwater) water available
Process water available

Potable water available

Other Infrastructure

Primary and secondary wastewater treatment systems and condensate stripping systems are
available

Power Island

Existing pulp mill power complex includes a black liquor recovery boiler and a bark boiler
which supply steam to a single extraction backpressure steam turbine. The BGCC plant will
replace the bark boiler. The HRSG must provide the following steam to the pulp miil to meet
the steam requirements of the mill following the completion of a fiber-line modification
project planned for start-up in late 1997.

156,000 Ib/hr @ 850 psig/825°F
45,000 1b/hr of 155 psig saturated

BGCC plant will be based on a single General Electric Frame 6B gas turbine capable of firing
either low Btu fuel gas or distillate oil; NO, control approach to be determined

Gas turbine performance at inlet air temperature 59°F, 60% relative humidity.
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Table 1-3: BGCC Plant Design Basis {(Cont)

Gasification Island

e  Feed-mixture of harvesting and thinning residuals and sawmill waste

TPS

842 BD tons per day

1,685 tons per day (wet basis)
Tampella

913 BD tons per day

1826 tons per day (wet basis)

®  Feed as received ultimate analysis (average)
Weight %
Moisture 50.0
Carbon 25.1
Hydrogen 2.7

Nitrogen 0.1
Oxygen 20.1
Ash 2.0 (0.35% soluble, 1.65% acid insoluble)

¢ Feed HHV 8800 Btu/lb (dry basis)

' Feed bulk density, uncompacted 6.8 1b/cubic foot

o  Feed as received size distribution
‘Williams Classification

+29mm 7.9%
+22mm 14.6%
+16mm 23.0%
+10mm 26.3%
+5mm 15.9%
pan 12.3%

IE Dryer to be designed for 55% moisture feed

Air Emissions Limits

e  New Source Performance Standards (NSPS)

Sparing Philosophy

e  (Consistent with achieving high availability (~95%) (e.g., online spares for rotating and
severe service equipment)

Sizing Philosophy

e  Since there are only a few gas turbine offerings with biomass produced gas that provide
acceptable guarantees based on a sound testing program, the plant size was forced to match
the fuel needs of the turbine selected - the GE Frame 6B. This resulted in somewhat different
feed mass flows for each BGCC alternative and the ethanol plant.
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Table 1-4: Water Analyses from Existing Systems at New Bern Pulp Mill

695

Potable Water Process Water Boiler Feedwater

pH 8.15 6.55 6.05

Sp_eciﬁc Conductance, 25°C, UMHOS 560. 128.4 2.65

Alkalinity, "P" as CACO,, ppm 0 0.4 0.4

Alkalinity, "M" as CACO,, ppm 258. 22.4 2.0

Sulfur, Total, as SO,, ppm 10. - 18.05 0.5

Chloride, as CL, ppm 24. 12.1 0.5

Hardness, Total, as CACO,, ppm 179.5 29.4 0.1

Calcium Hardness, Total, as CACO,, 106. 19.6 0.05

ppm

Magnesium Hardness, Total as CACO,, 73. 9.2 0.05

ppm

Copper, Total, as CU, ppm '0.05 0.05 0.005

Iron, Total, as FE, ppm 0.365 1.15 0.005

Sodium, as NA, ppm 55.5 12.75 0.055

Manganese, Total as MN, ppm 0.03 0.07

Phosphate, Total, as PO,, ppm 0.4 0.4 0.4

Phosphate, Total Inorganic, as PO,, ppm 0.2 0.25

Phosphate, Ortho- as PO,, ppm 0.2 0.25

Silica, Total, as SIO,, ppm 25.5 8.0 0.05
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Table 1-5: Advanced Biomass Cellulose to Ethanol Piant Design Basis

Feed Stock Chipped harvesting and thinning residuals from southern pine plantations 1000
BDT 2083 tons per day (wet basis)
Composition
WT %
Cellulose 18.4
Hemiceliulose 11.75
Lignin ; ' 12.31
Sol. Solids/inerts 4.79
Insol. solids/inerts 0.75
Water 52.00
Chip Size Distribution
%
+29 mm 8.0
+22 mm 14.6
+16 mm 23.0
+10 mm 26.3
+ 5 mm 15.9
< 5 mm 12.3
Product Anhydrous fuel grade ethanol (undenatured)
79,000 gallons per day
26,860,000 gallons per year
By-products Lignin based residual solids (stillage)
614 tons per day (45% moisture)
Chip Storage 21 days
Pretreatment Proprietary Amoco dilute acid prehydrolysis reactor:
Temperature 489°F
Pressure 615 PSIA
Conversions:
Cellulose to glucose 10%
Hemicellulose to Hexose and Xylose 9%0%
Hemicellulose to Furfural: Grouped in soluble solid
Flash Tanks (F.T.) First F.T. Insoluble Solids Conc. 30 WT'%
Second F.T. Insoluble Solids Conc. 33 WT'%
Residence Time 5 minutes
First F.T. Pressure 24 PSIA
Second F.T. Pressure 3 pSIA
Neutralization Neutralizing Agent 17% Lime Slurry
Residence Time 5 minutes
Dosage: Over Lime to pH 7.5
29810.B03 120
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Table 1-5:

Advanced Biomass Celiulose to Ethanol Plant Design Basis (Cont)

5th Fermenter
6th Fermenter
7th Fermenter
8th Fermenter
9th Fermenter
10th Fermenter

Carbon Dioxide Gas Scrubbing:
Nutrients:

Cellulase Enzyme Origin Purchased Commercial
Broth Strength 175,000 FPU/litre
- Dosage 14.65 FPU/gm cellulose
Storage 6 days
Simultaneous Type Continuous Stirred Tanks (Cascaded)
Saccharification and | Temperature 90°F
Fermentation (SSF) pH 4
Hold Time 170 hours
Cellulose Conversion to EtoH 76.5%
Xylose Conversion to EtoH 90 %
Mixing Power: 1st Fermenter 2.4 Hp/1000 Gal
2nd Fermenter 2.4 Hp/1000 Gal
3rd Fermenter 0.5 Hp/1000 Gal
4th Fermenter 0.5 Hp/1000 Gal

0.38 Hp/1000 Gal
0.38 Hp/1000 Gal
0.16 Hp/1000 Gal
0.16 Hp/1000 Gal
0.16 Hp/1000 Gal
0.16 Hp/1000 Gal

80% Recovery EtOH
Residual in Yeast Seed and Stillage
Recycle

Fusel Oii: 0.015 LB F.O./Lb EtOH i
Initial Yeast Population: 10MM cells/ml
Yeast Propagation Yeast: Proprietary (protoplast), Xylose and i
Hexose Uptake
Duplication Time: 4 hours
Propagation Type: Batch
Substrate: Glucose at 2.5% Concentration
Cell Yield: 0.55 gm Cells/gm Glucose
Air Requirement: 14 gm/gm cell mass
Mixing Power: 1.25 - 1.8 Hp/1000 Gal
Propagation Time: Day Tank 18 hours
Seed Tank 20 hours
Starter 24 hours
Final Inoculation Volume: 3.5% of Fermenter
Nutrients:
Anhydrous Ammonia 1 gw/L
Phosphoric Acid 0.7 gm/L
Comn Steep Liquor (45% DS) 10 gm/L
Distillation and Rectifying Column Product: 95.0 volume % Ethanol
Dehydration Anhydrous Product: 99.9 volume % Ethanol
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Table 1-5:

Advanced Biomass Cellulose to Ethanol Plant Design Basis (Cont)

L

Stillage Handling Centrifugation:
Cake: - 35% Solids
Recovery: 64% of Solids
Rotary Vacuum Filter:
Cake: 55% Solids
Recovery: 92% of Solids
Utilities Steam: 610 PSIG Sat’d
155 PSIG Sat’d
Chilled Water:
“ Supply 45°F
Return 65°F
Cooling Water:
Supply 90°F
Retu 110°F
Sparing Philosophy Consistent with customary practice of alcohol industry; minimal sparing is
acceptable, since plant interruptions can be tolerated without impacting overall

availability.
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Section 2

Preliminary Design and Cost

At the start of the project, Stone & Webster requested design and cost information for the proposed
Weyerhaeuser New Bern biomass gasification combined cycle plant (BGCC) from several gasifier vendors
and design and requested cost information for an integrated ethanol-from-biomass plant from Amoco.
All of the vendors were given the Basis of Design (Section 1.3) and asked to provide a complete
preliminary design package. Only two gasification vendors (TPS and Tampella) responded with sufficient
information. Consequently, only these technologies were evaluated.

Using the TPS, Tampella, and Amoco information, Stone & Webster developed system designs and cost
estimates for three BGCC cases and two ethanol cases (integrated with BGCC and stand-alone). One of
the BGCC cases is based on the TPS atmospheric gasification system, and two cases use the Tampella
(EnviroPower) pressurized gasification system. All produce sufficient fuel gas to power a General
Electric Company (GE) Frame 6B gas turbine. Each of the BGCC designs supplies 100 percent of the
existing mill’s power needs as well as excess power for sale to the area electric utility. In addition,
process steam needs above that required by the recovery boiler are satisfied by the BGCC system. The
ethanol plant integrated with the BGCC supplies lignin feed to the gasifier and the BGCC returns process
steam to the ethanol process. In the stand-alone case, the lignin is sold as fuel or used in the existing
bark boiler and an auxiliary boiler provides the ethanol plant process steam requirements.

Biomass gasification design packages provided by TPS and Tampella included process descriptions, heat
and material balances, and installed equipment cost information, but did not supply base equipment costs
for the gasification island which, therefore, required clarification and adjustment. The Amoco ethanol
package included block flow diagrams, material balances, some kinetic data, and some stream property
data. Amoco also provided the cost of the proprietary pretreatment "black box."

Stone & Webster worked closely with TPS, Tampella, and Amoco to develop a detailed process flow
diagram and heat and material balance for the overall BGCC cogeneration plant and ethanol plant
configurations. In-house process simulation software was used to confirm the vendor-provided heat and
material balances for the gasifiers, gas coolers, and heat recovery steam generator (HRSG) systems. In
addition, the fuel gas specifications and gas turbine performance data were submitted to GE for
verification.

For the TPS system, Stone & Webster redesigned and prepared cost estimates for the gas cooling and
scrubbing systems. Stone & Webster also sized and costed all of the non-proprietary equipment for the
Amoco ethanol process. For both BGCC technologies and the ethanol plant, major equipment items in
the material handling and power systems were sized by Stone & Webster and submitted to vendors for
pricing. Most of the costs for the balance-of-plant systems and structures were estimated using factors
except for major equipment items such as the cooling tower and flare.

The results of the design and cost estimating activities are presented in the following sections.

2.1 TPS Studsvik Biomass Gasification Combined Cycle Cogeneration Plant Design
The TPS system uses an atmospheric pressure gasification vessel to convert dried biomass into a low-Btu
fuel gas. TPS believes that uncracked tars and hydrocarbons would foul the biogas cooler and condense

in the biogas scrubber. Therefore, an additional tar cracker atmospheric vessel is employed downstream
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of the gasifier to catalytically break down tars and heavy hydrocarbons into lower molecular weight
compounds. Without this feature, the condensed tars would increase wastewater treatment requirements
and reduce the carbon conversion efficiency of the plant. Because of the tar cracking vessel and large
degree of gas cooling, the TPS process can use conventional gas cleaning equipment such as bag filters
and scrubbers.

TPS was given the option of specifying the moisture content of the biomass feed to the gasifier and had
originally decided upon a 10 weight percent feed moisture content. The project team, however, had
concerns regarding the feasibility of drying wood chips of the specified size range to such a low moisture
value. Since other vendors were recommending a 20 percent moisture content (by weight) basis, TPS
was asked to provide a revised design based on 20 percent for the sake of consistency.

The original TPS design did not account for the fact that the New Bern mill would supply heated boiler
feed water to the BGCC plant. Stone & Webster therefore redesigned the gas cooler and biogas water
scrubber to account for the reduced requirements for low-level heat recovery. To be consistent with the
TPS design, Stone & Webster designed the biogas water scrubber and biogas absorption tower as separate
systems. Consolidating the two towers into one packed column tower could reduce capital cost and
should be investigated prior to detailed design.

When firing low-Btu gas, the combined flow of fuel gas and combustion air would exceed the design
limits of the gas turbine expander. Air is therefore bled from the compressor discharge to prevent
surging. TPS had developed a cost-effective concept to let down the high pressure turbine extraction air
for use in the gasifier and tar cracker. However, since additional development work was required to
adapt the TPS integration scheme to the Frame 6B gas turbine, it was decided to use a conventional
expander-compressor system. This equipment provides the 20 psig air for gasification and generates an
additional 1.2 MW of electricity.

Alteratively, one could throttle the gas turbine compressor inlet guide vanes in order to eliminate the need
for extraction air. In this design, gasification air requirements are provided by a separate compressor.
This option was also investigated and is discussed within the performance section of this report
(Section 2.3.2).

Due to the significant cooling of the biogas, more steam is generated by the TPS design BGCC plant than
is required by the mill. The additional steam flow is utilized in the auxiliary steam turbine to produce
about 2.9 MW of power. Consequently, the proposed standby 10 MW condensing steam turbine was
oversized by about 3 MW.

System Description

A process flow diagram of the biomass gasification system for the TPS design is shown in Figure 2-1,
a material balance is provided in Table 2-1, and an equipment list is provided in Table 2-2. Dried
biomass from the dry fuel day bin is fed to the gasifier by the biomass feed, weigh hopper, conveyor
system. This system is designed to function as two trains operating in parallel. Each line consists of a
live bottom fuel bin with an extraction screw that doses the fuel onto a weigh belt conveyor. Since the
gasifier operates at slight pressure, two pressurized rotary valves are required to prevent the backflow
of combustible gases. Downstream of the rotary valves, a screw conveyor for each line feeds the fuel
to the gasifier. Bed sand, used to initially charge the gasifier bed, is also fed manually to the gasifier on
this conveyor system. Typically, the bed sand flow is zero during normal operating conditions.
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The gasifier is a cylindrical refractory-lined steel vessel. It operates in two regimes; the lower part of
the gasifier contains a "dense-phase” fluidized bed, while the upper part of the gasifier operates as a
"fast" fluidized bed.

As biomass is fed to the gasifier, it immediately falls into the lower level dense bed. The dense-phase
fluidized bed processes coarser fuel particles and provides sufficient residence time for the gasification
reactions. Preheated primary air enters the gasifier near the base of the gasifier vessel and maintains
fluidization of the dense bed material. Without the dense bed, large particles would fall directly onto the
air distributor plate and cause clinkering. Secondary air is added above the dense bed to increase the
upward gas velocity to produce a “fast” fluidized bed. In this phase, the fuel is fully pyrolyzed and
gasified by the combined action of heat, air and gas components. Gas exiting the top of the gasifier enters
the primary and secondary solids separation cyclones. The separated particles are recirculated back to
the dense bed in order to maximize carbon conversion. Ash is continually drained from the bottom of
the vessel. Rotary valves in the ash removal system are required to prevent gas leakage. The bottom
ash is cooled by two gasifier ash cooling screw conveyors operating in parallel.

Hot fuel gas from the secondary cyclone enters the fluidized bed tar cracker vessel. The main function
of this vessel is to crack or convert tars and heavy hydrocarbons into more volatile organics. If not
cracked, these tars would foul the biogas cooler, plug the fabric filter, and increase wastewater loads from
the scrubber. Dolomite, a catalyst, is added to the bed to reduce nitrogen compounds to ammonia which
can be easily removed by the downstream towers. The dolomite feed system consists of a single bin with
discharge screw, two rotary feeders, and shutoff valve.

Unlike the gasifier, the tar cracker operates as a circulating fluidized bed without a dense bed at the
bottom. The biogas is introduced at the bottom of the vessel to provide for good contact between the
product gas and dolomite bed material. Tar conversion is dependent on the fluidizing gas velocity,
temperature, and solid-gas contact time. The higher operating temperature of the cracker also serves to
gasify any carbon particles remaining in the fuel gas. Gas exiting the top of the cracker enters the primary
and secondary solids separation cyclones. The separated particles are recirculated back to the cracker.
Because the dolomite is continuously broken down to finer particles which exit with the fuel gas, a
continuous supply of fresh dolomite is required.

High efficiency cyclones are important to the operation of both the gasifier and tar cracker. In the case
of the gasifier, the cyclones maximize carbon conversion and minimize ash transport to the tar cracker.
In the tar cracker, the cyclones reduce the loss of dolomite catalyst and impact the size distribution of
dust in the fuel gas.

Product gas from the tar cracker cyclones is cooled from 1,688°F to 347°F in the biogas cooler. The
biogas cooler consists of an economizer section and an evaporator section. Boiler feed water entering the
economizer at 303 °F is heated to 527°F. The economized water is combined with economized water from
the HRSG and fed to the biogas cooler evaporator to produce high pressure saturated steam (880 psig,
533°F). A continuous blowdown of approximately one percent of the steam flow is taken from the biogas
cooler steam drum and sent to the blowdown flash tank. This controls the accumulation of impurities
in the steam drum.

Particulate matter entrained in the product gas is removed by bag filters. As the biogas is cooled, alkali
metals condense and attach to particulate matter in the gas stream. These compounds are subsequently
removed by the filter. A nitrogen pulse is used to periodically shake the captured ash off the fabric
filters. Filter ash collects at the bottom of the filter vessel and is discharged by a screw conveyor and
a multiple rotary valve lock system.
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After dust removal, the gas is cooled to 100°F by a direct cooling condensing scrubber. Water and some
residual hydrocarbons are condensed and removed from the product gas. A significant amount of
ammonia is also removed by the condensing water. The gas is then washed in the biogas absorption
tower by a recirculating dilute sulfuric acid stream for further ammonia removal. The combined activity
of the scrubber and absorption tower provide for over 95 percent ammonia removal. The removal of
ammonia prior to combustion of the biogas in the gas turbine precludes the need for selective catalytic
reduction of nitrogen oxides (NOy) in the HRSG. The purge streams from both towers are sent to the
mill’s existing wastewater treatment system.

Biogas from the absorption tower passes through a knockout drum to remove entrained water prior to
compression in the gas booster compressor. The gas is compressed from atmospheric pressure to the
required inlet pressure of the gas turbine fuel skid (238 psig).

Atmospheric air, compressed by the gas turbine compressor, is combined with biogas in the gas turbine
combustor. The hot gases from combustion are expanded in the turbine section to produce about
43.0 MW of power. The combustion system is designed to fire both biogas and backup No. 2 distillate
oil. The gas turbine package includes a lubrication and hydraulic oil system, generator package, fire
detection and suppression system, and control system.

The extraction air from the gas turbine compressor at 148 psig and 659°F is expanded in the expander
section of the expander/compressor/generator. The expansion of the extraction air provides sufficient shaft
energy to compress an additional amount of air to gasification requirements and to generate 1.2 MW of
power in the generator. The combined air flow is heated in the HRSG and sent to the gasification island.

Hot exhaust gas at 1,010°F from the gas turbine is ducted to the inlet of the HRSG. Although the HRSG
direct burner system is designed to fire low-Btu gas for improved control and operability, the amount of
supplemental firing is normally zero. The HRSG consists of two pressure levels, 155 psig and 850 psig.
Low pressure (LP) boiler feedwater from the mill is heated to 350°F in the LP economizer section. This
water is then evaporated at 155 psig and 368°F in the LP evaporator section and sent to the mill for
process uses. High pressure (HP) feedwater from the mill is fed to the HP economizer in the HRSG and
to the HP economizer in the biogas cooler and heated to 509°F. A portion of the heated water exiting
the HRSG HP economizer is sent to the biogas cooler, combined with biogas cooler economized water
and evaporated. The remaining HRSG economized water is evaporated in the HP evaporator section of
the HRSG. The saturated steam flow from the biogas cooler and the HRSG HP evaporator are combined
and superheated in the HRSG HP superheater section to 825°F. About 26,000 Ib/hr of superheated steam
is sent to the auxiliary condensing steam turbine to produce 2.9 MW of power. The remaining 156,000
Ib/hr is sent to the mill’s existing steam turbine.

A continuous blowdown of about one percent of the steam flow is taken from the HRSG steam drums
and the biogas cooler steam drum. Blow down from the two high pressure blow down tanks are let down
to 155 psig. The resulting steam from the drums are sent to the 155 psig steam header. The remaining
water at 155 psig is combined with blowdown from the lcw pressure steam drum and letdown in the low
pressure blow-off tank. Steam is released to the atmosphere and residual water is pumped to the cooling
tower (refer to cooling tower description in Section 2.5.1).

The flue gas leaving the HRSG at 464°F is ducted to the biomass dryer (refer to material handling
description in Section 2.4). The HRSG is provided with a stack for operation with backup distillate oil
when the gasifier is out of service. A continuous emissions monitoring system is located in the ductwork
upstream of the branch connections to the HRSG stack and dryer duct.
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Table 2-1: Material Balance - TPS BGCC (Flue Gas Dryer)

TEMPERATURE (

TOTAL FLOW (LB/H|
DRY,FLOW (LB/HR)

BIOMASS FEED
TO DRYER
0
59
140,400
70,200

DRIED BIOMASS
TO GASIFIER

0

140

87,800

70,200

ASH FROM
GASIFIER
0
392
2,200

BED SAND
FEED
0
59
0

DOLOMITE
FEED

59
2,300

BIOGAS TO
COOLER
5
1,688
188,800

BIOGAS TO
FILTER
3
347
188,800

ASH FROM
FILTER

FILTER
CLEANING N2
50
59
700

BIOGAS TO
SCRUBBER

3
347
186,300

21

20

COND. FROM ACID WATER ABS. TWR. BIOGAS TO GAS BIOGAS TO BIOGAS TOG.T. ARTOGT |EXTRACTIONAIR | G.T. EXHAUST FLUEGAS
S e SCRUBBER TO ABS. TWR. BLEED COMPRESSOR DUCT FIRING FROMG.T. TO HRSG TODRYER
PRESSURE (PSIG) - 0 30 15 15 15 245 0 1 1
TEMPERATURE (F). 110 90 100 100 100 311 59 1,010 464
TOTAL FLOW (L.B/H 11,400 8,200 8,500 174,600 0 174,600 1,081,800 1,193,500 1,193,500
DRY FLOW (LB/HR) - - - - - - -
A B 2T 30

STREAM FLUEGAS TO AIR FROM AIR FROM GASIFICATION AIR| GASIFICATION BFW TOLP LP STEAM HP BFW BFW TO BFW TO HP
AT STACK COMPRESSOR EXPANDER TO AIR HEATER | AIRTO GASIFIER | ECONOMIZER TO MILL FROM MILL BIOGAS COOLER| ECONOMIZER
PRESSURE (PSiG) 0 165 155 900 900 900
TEMPERATURE(F) . .- 230 303 368 303 303 303
TOTAL FLOW (LB/HR). 1,246,100 45,500 45,000 183,800 66,500 117,300
DRY FLOW(LBHR) © -~ . - - - - - - - - -

A 3 33

ECON. H20TO | STEAMFROM ECON. H20 TO STEAM FROM HP SH STEAM HP STEAM HP STEAM TO AUX |HP MILL STEAM TO| CONDEN. FROM
BIOGAS COOLER|BIOGAS COOLER HP EVAP. HP EVAP. FROM HRSG TO MILL STEAM TURBIINE | STEAM TURBIINE |STEAM TURBIINE
890 880 890 880 850 850 850 850 2

527 533 527 6§33 825 825 825 825 140

42,400 107,800 74,900 74,200 182,000 156,000 26,000 0 26,000

NOTE:
1. BASED ON TPS PRELIMINARY MASS AND ENERGY BALANCE TRANSMITTED 9/21/94. ADJUSTED FOR GE GAS TURBINE PERFORMANCE PROVIDED BY GE ON NOV. 22, 1994.
2. REFERENCE DRAWING NO. 04996.00-DJ-0001-1.
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Table 2-1: Material Balance - TPS BGCC (Flue Gas Dryer)

BIOGAS TO BIOGAS TO BIOGAS TOGAS | BIOGASTOG.T. G.T. EXHAUST FLUEGAS FLUEGAS TO
COOLER SCRUBBER COMPRESSOR 1 TO HRSG TO DRYER STACK

5 3 2 245 1 1 0
1,688 347 100 311 1,010 464 230
188,800 186,300 174,600 174,600 1,193,500 1,193,500 1,246,100
0.04% 0.04% 0.04% 0.04% 0.00% 0.00% 0.00%
1.13% 1.13% 1.25% 1.25% 0.00% 0.00% 0.00%
3.08% 3.08% 3.39% 3.39% 0.00% 0.00% 0.00%
19.47% 19.47% 21.42% 21.42% 0.00% 0.00% 0.00%
11.46% 11.46% 12.61% 12.61% 6.90% 6.90% 6.61%
15.15% 15.15% 16.67% 16.67% 0.00% 0.00% 0.00%
13.57% 13.57% 5.02% 5.02% 6.20% 6.20% 10.16%
35.82% 35.82% 39.59% 39.59% 74.10% 74.10% 70.95%
0.00% 0.00% 0.00% 0.00% 12.80% 12.80% 12.26%
2800 2800 80 80 1] 0 0
0 0 0 [4] 1] 0 0
0 o] 0 25 25 24
] 0 0 0 10 10 10
] 0 0 0 7 7 7
0 0 0 0 9 9 118
0 s} 0 0 4 4 42
100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%

NOTE:

1. BASED ON TPS PRELIMINARY MASS AND ENERGY BALANCE TRANSMITTED 9/21/94. ADJUSTED FOR GE GAS TURBINE PERFORMANCE PROVIDED BY GE ON NOV. 22, 1994.

2. REFERENCE DRAWING NO. 04996.00-DJ-0001-1.
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Table 2-2: Equipment List - TPS BGCC (Flue Gas Dryer)

Item No. Description Qty Remarks
A-201 Biogas Water Scrubber 1 Tray Tower 13°4" 1.D. x 48°2",
- Material-316 SS

A-202 Biogas Absorption Tower 1 Tray Tower 13°4" 1.D. x 48°2"
Material = 316 SS

G-201 Gas Turbine Frame 6B 1 43.0 MW

G-202 Expander/compressor/generator 1 Includes generator for 1.2 MW

G-206 Auxiliary Steam Turbine 1 13 MW

G-207 Bag Filter 1 Sized by TPS

L-202 Circulating Fluidized Bed Gasifier 1 Sized by TPS

L-205 Tar Cracker 1 Sized by TPS

M-203 Gasifier Primary Cyclone 1 Sized by TPS

M-204 Gasifier Secondary Cyclone 1 Sized by TPS

M-206 Tar Cracker Primary Cyclone 1 Sized by TPS

M-207 Tar Cracker Secondary Cyclone 1 Sized by TPS

M-208 Biogas Knock-out Drum 1 5’0" Diameter, 15°-0" Length,
Material = 316 SS

M-212 Biogas Cooler Continuous Blowdown Tank* 1 5’2" x 0’-6" 175 psig design
(Vertical)

M-213 HRSG Continuous Blowdown Tank* 1 4’-10" x 0’-6" 175 psig design
(Vertical)

M-214 Blowoff Tank* 1 4’0" x 1’-0" atmospheric
design

M-220 Bed Sand Storage Hopper 1 Sized by TPS

P-201 A/B | Blowoff Transfer Pump* 2 3.8 gpm DELTA P=50 psi

P-202A/B Condensate Pump* 2 200 gpm at 90 psig

P-210A/B Biogas Water Scrubber Recycle Pump 2 3,000 gpm, head=30 psi,
material =rubber lined CS

P-211A/B Biogas Absorber Recycle Pump 2 3,000 gpm, head=30 psi,
material =rubber lined CS

R-201 Gas Booster Compressor 1 10.4 MW

T-201 A,B, |Biomass Dryer 4 Flue gas dryer to 20% moisture

C,b

T-202 Biogas Cooler 1 98 mmBtu/hr Steam generator,

HRSG

30048.B03
395
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Table 2-2: Equipment List - TPS BGCC (Flue Gas Dryer) continued

Item No. Description Qty Remarks
T-205 HRSG 1 Two pressure level system (850
- psig & 155 psig)

T-206 Auxiliary Steam Turbine Condenser 1 130.5 mmBtu/hr, 19,900 sq ft
incl. ejector package and two
mechanical vacuum pumps

T-211 Biogas Water Scrubber Cooler 1 22 mmBtu/hr Materials =
Tubes: 316 SS; Shell: CS

W-204A/B | Gasifier Ash Cooling Screw Conveyor 2 | Sized by TPS

W-205 Biogas Filter Ash Screw Conveyor 1 Sized by TPS

W-206A/B | Gasifier Ash System 2 |Sized by TPS

W-207 Filter Ash System 1 Sized by TPS

W-211 Dolomite Feed Weigh Hopper Conveyor System 1 Sized by TPS

W-213A/B | Biomass Feed Weigh Hopper Conveyor System 2 Sized by TPS

*Not shown on PFD

30048.B03
395
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PLOT
2.3
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2.2 Tampella Biomass Gasification Combined Cycle Cogeneration Plant Design

The Tampella system features a pressurized gasification vessel to convert biomass into a low Btu fuel gas.
The main advantage of the pressurized system is that it generates a fuel gas at a pressure sufficient to
enter the gas turbine directly, therefore avoiding the need for a fuel gas compressor. The Tampella
system employs a hot gas cleaning system which allows a large portion of the sensible heat in the fuel
gas to be utilized by the gas turbine. Hot gas cleanup also reduces the gas cooling equipment duty and
reduces the amount of wastewater produced. To meet gas turbine fuel quality requirements, the gas must
be cooled to a temperature low enough to condense alkali vapors onto particulate matter for removal in
the hot gas filter. This is accomplished in the biogas cooler by cooling the gas to 1,020°F.

Tampella provided two design options for the drying of the biomass. In one case, flue gas from the
HRSG dries the wet biomass feed to 20 percent (by weight) moisture. The other case uses steam raised
in the HRSG for use in a steam dryer. In this option, the HRSG must be supplementary fired to produce
the additional steam requirement. Both Tampella options are described below with the major differences
being noted.

The Steam Dryer Case requires slightly superheated, medium pressure steam for use in the dryer. A
medium pressure superheater section was therefore added to the HRSG. Since the dryer steam pressure
requirement was only slightly higher than that for the mill process steam, the mill process steam was
generated along with the steam dryer steam and then let down and desuperheated to meet the mill
requirements.

Since the Tampella design does not allow for ammonia control prior to the gas turbine, an SCR system
was added to the HRSG in both Tampella designs.

System Description

Process flow diagrams for the Tampella flue gas dryer and steam dryer cases are shown in Figure 2-2
and Figure 2-3. Material balances are provided in Table 2-3 and 2-4. Equipment lists for each case are
provided in Tables 2-5 and 2-6. Dried biomass (20 percent moisture) is fed to the gasifier through three
parallel trains of weigh hoppers, lock hoppers and screw feeder systems. Dolomite is fed to the gasifier
using a single weigh hopper, lock hopper system. Nitrogen is used for lock hopper pressurization. Steam
and air are used as the bed fluidizing agent.

" In the fluidized bed, biomass carbon reacts with air and steam at approximately 1,625°F. The operating
pressure is 260 psig. High pressure superheated steam (850 psig, 825°F) from the HRSG is let down
to 375 psig and fed to the gasifier vessel. The fluidizing medium of steam and air are fed into the
gasifier via a distributor plate at the bottom of the bed. The gasifier is a spouting bed design which
provides high internal circulation rates and thorough mixing of the bed. This feature results in longer
residence times and higher carbon conversion. Longer residence times and high operating temperatures
also serve to minimize the formation of tars and ammonia.

Inert materials such as sand, stones, ash and dolomite collect at the bottom of the gasification vessel. The
bed depth height is maintained by the bottom ash discharge system. This system consists of a water-
cooled screw conveyor and a depressurizing lock-hopper system.

Fines, ash, and other particulates are removed from the fuel gas in a single cyclone system. The collected
solids are returned to the base of the gasification vessel to ensure high carbon conversion. The product

30048.B03 : ' 2-10
395



gas (consisting of carbon monoxide, carbon dioxide, methane, hydrogen, water vapor, and small amounts
of tars and ammonia) is sent to the gas conditioning system.

The raw biogas from the gasifier is cooled from 1,625°F to 1,020°F in the biogas cooler by evaporating
high pressure economized water (890 psig, 509°F) to high pressure saturated steam (880 psig, 533°F).
A continuous blowdown of approximately one percent of the steam flow is taken from the biogas cooler
steam drum.

Particulate matter in the product gas is removed by the high temperature high pressure (HTHP) filter.
The filter is composed of numerous ceramic candles. As the biogas is cooled, alkali metals condense and
attach to particulate in the gas stream and are subsequently removed by the filter. High pressure heated
nitrogen is used to clean the filter elements on line. Nitrogen from the nitrogen system is stored at 565
psig in the cleaning gas tank. The gas is maintained at approximately 400°F with steam lines to minimize
thermal stresses in the ceramic candles. A backflow of nitrogen is pulsed to each of the candle filters
to remove the accumulated filter cake. The filter ash collects at the bottom of the filter vessel and is
removed by the filter ash removal system. The ash is transported in a jacketed screw conveyor. Cooling
water cools the ash to 450°F. The filter ash is depressurized in the ash/dolomite surge/lock hopper system
and pneumatically conveyed to the filter ash silo.

Ciean fuel gas is sent to the gas turbine combustor and mixed with combustion air from the gas turbine
compressor. The hot combustion gases are expanded in the turbine section to produce about 42.8 MW
of power (42.2 MW in the Steam Dryer Case). The gas turbine is designed to fire both biogas and No. 2
distillate oil. The system includes a lubrication and hydraulic oil system, generator package, fire detection
and suppression system, and control system. The hot exhaust gases exit the gas turbine at 1,018°F and
are ducted to the HRSG.

When firing low-Btu gas, a portion of the compressed air flow must be bled from the air compressor
discharge to avoid surging in the turbine expander section. The extraction air is utilized in the gasifier.
A booster compressor is used to compress the extraction air from 157 psig to 345 psig in order to meet
the required feed pressure of the gasifier. The gas turbine extraction air is cooled in a series of heat
exchangers prior to compression by the booster compressor. The first heat exchanger is regenerative and
also heats the air after compression before it enters the gasifier.

The HRSG is provided with a duct burner system designed to deliver low-Btu gas. In the flue gas dryer
case, the amount of supplemental firing is normally zero. The duct burner, however, is designed to fire
20 percent of the HRSG heat input for improved control and operability. In the steam dryer case,
approximately 20,000 lb/hr of biogas is fed to the HRSG duct burners to generate the additional steam
required by the dryer.

The HRSG generates steam at two pressure levels, 155 psig (203 psig for the steam dryer case) and 850
psig. In the flue gas dryer case, LP boiler feedwater from the mill is heated to 350°F in the LP
economizer section and evaporated at 155 psig in the LP evaporator section and sent to the mill. In the
steam dryer case, superheated steam at 203 psig and 428°F is generated for the dryer. A portion of the
saturated steam flow is let down and desuperheated to 155 psig for process use in the mill. In both cases,
high pressure feedwater from the mill is fed to the HP economizer and heated to 509°F. A portion of this
flow is sent to the biogas cooler where it is evaporated. The remainder is evaporated in the HP evaporator
section of the HRSG. The two HP saturated steam flows are combined and superheated to 825°F in the
HP superheater section. A small portion of this flow is sent to the gasifier while the remainder is sent
to the existing mill steam turbine.
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A continuous blowdown of one percent of the steam flow is taken from the two HRSG steam drums and
the biogas cooler steam drum. Blowdown from the two high pressure blowdown tanks are let down to
155 psig. The resulting steam from the drums is sent to the 155 psig steam header. The remaining water
at 155 psig is combined with blowdown from the low pressure HRSG steam drum and letdown in the low
pressure blow-off tank. Steam is released to the environment and residual water is pumped to the cooling
tower.

For the flue gas dryer design, the exhaust gases leaving the HRSG at 471°F are ducted to the biomass
dryer (refer to material handling description in Section 2.4). For the steam dryer case the flue gas exits
the HRSG at 342°F and is discharged through the HRSG stack.

In the flue gas dryer design, a continuous emissions monitor is located in the HRSG discharge ductwork
upstream of branch connections to the biomass dryer and to the HRSG stack. In this case, the HRSG
stack is used when the gasifier is out of service and the gas turbine fires distillate oil. For the steam
dryer design, the continuous emissions monitor is located in the HRSG stack.
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Table 2-3: Materlal Balance - Tampella BGCC {Flue Gas Dryer)

BIOMASS FEED | DRIED BIOMASS
TO DRYER TO GASIFIER

0 280

59 140

152,200 95,200

76,100 76,100

N2 FEED TO
GASIFIER
565
59
5,600

ASH FROM
GASIFIER
0
450
3,200

BIOGAS TO
COOLER
273
1,625
212,300

BIOGAS TO
FILTER
268
1,020
212,300

FILTER
CLEANING N2

565

400

800

ASH FRO
FILTER

M

0
450

1,100

BIOGASTOG.T.

260
1,020
212,000

BIOGAS TO
DUCT FIRING

AIRTOG.T.

260 [¢]
1,020 59
0 1,082,300

AIR TO BOOSTER
COMPRESSOR

157

662

112,500

G.T. EXHAUST
TO DUCT BURNER
1
1,018
1,181,800

EXHAUST GAS
TO HRSG
1
1,018
1,181,800

FLUE GAS TO
DRYER
0
471
1,182,050

FLUE GAS TO
STACK
0
233
1,239,050

COMPR. AIR
TO GASIFIER
345
650
112,500

BFWTOLP
ECONOMIZER

165
303

45,500

LP STEAM
TOMILL
155
368
45,000

TEMPERATURE (F
TOTAL FLOW (L
DRY FLOW (L8

BFW TOHP
ECONOMIZER

ECON. H20 TO
BIOGAS COOLER

 STEAM FROM
BIOGAS COOLER
880
533
68,900

ECON. H20 TO
HP EVAP.

89,700

STEAM FROM
HP EVAP.
880
533
' 88,900

STEAM FROM HP
SUPERHEATER

880

633

157,800

SH STEAM TO
GASIFIER
375
825
1,800

SH STEAM
TOMILL
. 850
826
156,000

AQ. AMMONNIA

TO SCR

NOTE:

1, BASED ON TAMPELLA PRELIMINARY MASS AND ENERGY

2. REFERENCE DRAWING NO. 04996.00-DJ-0003-1.
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Table 2-3: Material Balance - Tampella BGCC (Flue Gas Dryer)

BIOGAS TO BIOGAS TOG.T. | G.T. EXHAUST FLUE GAS TO FLUE GAS TO
COOLER . DRYER STACK

273 260 1 ] 0
1,625 1,020 1,018 47 233
212,300 212,000 1,181,800 1,182,050 1,239,050
0.02% 0.02% 0.00% 0.00% 0.00%
0.68% 0.69% 0.00% 0.00% 0.00%
7.50% 7.50% 0.00% 0.00% 0.00%
12.30% 12.30% 0.00% 0.00% 0.00%
15.90% 15.90% 7.28% 7.28% 6.94%
8.50% 8.50% 0.00% 0.00% 0.00%
14.30% 14.30% 7.69% 7.69% 11.94%
40.70% 40.70% 73.14% 73.16% 69.79%
0.00% 0.00% 11.87% 11.87% 11.32%
800 900 0 0 1]
0 0 g
133 13 19
10 10 15
7 7 10
0 (4] 0
4 4 65
100.00% 100.00% 100.00% 100.00% 100.00%

NOTE:
1. BASED ON TAMPELLA PRELIMINARY MASS AND ENERGY BALANCE TRANSMITTED 10/21/94. ADJUSTED FOR GE GAS

TURBINE PERFORMANCE PROVIDED BY GE ON NOV. 22, 1894,
2. REFERENCE DRAWING NO. 04996.00-DJ-0003-1.
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Table 2-4: Material Balance - Tampella BGCC (Steam Dryer)

BIOMASS FEED | DRIED BIOMASS DOLOMITE N2 FEED TO
TO DRYER TO GASIFIER FEED GASIFIER
0 . 280 280 565
59 212 59 59
165,700 103,500 440 6,000
82,850 82,850 440 -

ASH FROM
GASIFIER

0
450
3,440

BIOGAS TO
COOLER
273
1,625
230,850

BIOGAS TO
FILTER

FILTER

CLEANING N2
565 0

ASH FROM
FILTER

450
1,500

BIOGAS TOG.T.

260
1,020
210,250

BIOGAS TO ARTOG.T.
DUCT FIRING
260 0
1,020 59
20,000 1,082,700

COMPRESSOR

AIR TO BOOSTER

155 1
859
122,450

G.T. EXHAUST
ITO DUCT BURNER

1019
1,170,500

EXHAUST GAS
TOHRSG

1
1,135

1,190,500

FLUE GAS TO
TO STACK
0
342
1,190,750

COMPR. AIR
TO GASIFIER
345.0

BFWTOLP BFWTOLP
ECONOMIZER |[DESUPERHEATER
223 223
303 303
135,000 200

BFWTOLP
ECONOMIZER
233
303
134,800

LP STEAM

FROM EVAP.
223
397 397

133,300 88,500

LP STEAMTO
SUPERHEATER
223

LP STEAM LP STEAM
TOMILL TO DRYER
155 203
368 428
45,000 88,500

DRYER

CONDENSATE

LP STEAM
FROM DRYER

BFW TOHP
ECONOMIZER

ECON. H20 TO
BIOGAS COOLER
990
509
75,400

STEAM FROM
BIOGAS COOLER

ECON.H20 TO
HP EVAP
890
509
84,100

STEAM FROM
HP EVAP.
880

STEAM TO HP
SUPERHEATER
880
533 533
83,200 157,900

i
DRY.FLOW (LB/HR)

SHSTEAMTO SH STEAM
GASIFIER TOMILL
375 850
825 825
1,900 156,000

NOTE:

1. BASED ON TAMPELLA PRELIMINARY MASS AND ENERGY BALANCE TRANSMITTED 10/18/34. ADJUSTED FOR GE GAS TURBINE PERFORMANCE PROVIDED BY GE ON NOV. 22, 1994.

2. REFERENCE DRAWING NO. 04996.00-DJ-0004-1.

page 1 of 2



Table 2-4: Material Balance - Tampella BGCC (Steam Dryer)

BIOGAS TO BIOGAS TOG.T. | G.T.EXHAUST FLUE GAS TO
COOLER TO DUCT BURNET TO STACK

273 260 1 0
1,625 1,020 1,019 342
230,850 210,250 1,170,500 1,190,750
0.02% 0.02% 0.00% 0.00%
0.69% 0.69% 0.00% 0.00%
7.50% 71.50% 0.00% 0.00%
12.30% 12.30% 0.00% 0.00%
15.90% 15.90% 7.48% 8.07%
8.50% 8.50% 0.00% 0.00%
14.30% 14.30% 1.87% 8.23%
40.70% 40.70% 72.98% 72.713%
0.00% 0.00% 11.65% 10.97%
900 900 0 0
0 ]
133 13
10 10
7 7
0 0
4 4
100.00% 100.00% 100.00% 100.00%

NOTE:
1. BASED ON TAMPELLA PRELIMINARY MASS AND ENERGY BALANCE TRANSMITTED 10/18/84. ADJUSTED FOR GE GAS TURBINE PERFORMANCE PROVIDED BY GE ON NOV. 22, 1994.

2. REFERENCE DRAWING NO. 04996.00-DJ-0004-1.




Table 2-5: Equipment List - Tampella BGCC (Flue Gas Dryer)

Item No. Description Qty | Remarks

G-301 Gas Turbine Frame 6B 1 |42.8 MW

L-302 Pressurized Circulating Fluidized Bed Gasifier 1 |Sized by Tampella; includes compr.,
CW pump, and heat exchanger and
startup heater

M-302 AQ. Ammonia Tank* 1 ]316SS

M-303 Gasifier Cyclone 1 |Sized by Tampella

M-305 Air Receiver Tank 1 |Sized by Tampella

M-307 Cleaning Gas Pulse Tank - N2 1 |Sized by Tampella

M-308 Continuous Blowdown Tank* C.S. 1 |4-5" x0-6"
75 psig design (Vertical)

M-310 HP Continuous Blowdown Tank* 1 |3’-10" x 0’-6" 175 psig design
(vertical) C.S.

P-301A/B Cooling Circuit Pumps* 2 | Sized by Tampella

P-302A/B Condensate Pump* 2 {200 gpm at 90 psig

P-303 A/B Blowoff Transfer Pump* 2 |3.2 gpm DELTA P=50psi C.S.

P-304A/B AQ. Ammonia Pump* 2 |.75 gpm, DELTA P=50 psi, 316SS

R-301 Booster Compressor 1 |Sized by Tampella

T-301 A,B, Biomass Dryer 4 | Flue gas dryer to 20% moisture

C,D

T-302 Product Gas Cooler with Steam Drum 1 | Sized by Tampella

T-303 Booster Compressor Air/Air Heat Exchanger 1 {Sized by Tampella

T-304 Booster Compressor Feed Cooler 1 | Sized by Tampella

T-305 HRSG 1

T-306 Auxiliary Steam Turbine Condenser* 1 |87 mmBtu/hr

T-307 Component Cooler Heat Exchanger* 1 |Sized by Tampella

V-302 SCR Unit 1 |90% NO, reduction

V-305 H.T.H.P. Candie Filter 1 | Sized by Tampella

V-311 Blowoff Tank* 1 }4’-3" x 0°-6" atmospheric design
(vertical)

W-303A/B Gasifier Ash Cooling Screw Conveyor 2 | Sized by Tampella

W-304 Biogas Filter Ash Screw Conveyor 1 | Sized by Tampella

W-306 Filter Ash/Dolomite Surge, Lock Hopper System [ 1 | Sized by Tampella
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Table 2-5: Equipment List - Tampella BGCC (Flue Gas Dryer) (continued)

Item No. Description ' Qty | Remarks

W-307A,B/C |Biomass Feed Weigh, Lock, Surge Hopper 3 | Sized by Tampella
System

W-308 Dolomite Feed Weigh, Lock, Surge Hopper 1 |Sized by Tampella
System ’

W-311A/B Bottom Ash Surge, Lock Hopper System 2 | Sized by Tampella

* Not shown on PFD
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Table 2-6: Equipment List - Tampella BGCC (Steam Dryer)

Item No. Description Qty | Remarks

G-401 Gas Turbine Frame 6B 1 |42.2 MW

1-402 | Pressurized Circulating Fluidized Bed Gasifier 1 | Sized by Tampella; Includes compr.,
CW pump, and heat exchanger and
startup heater

M-402 AQ. Ammonia Tank* 1 [316SS

M-403 Gasifier Cyclone 1 |Sized by Tampella

M-405 Air Receiver Tank 1 |Sized by Tampella

M-407 Cleaning Gas Pulse Tank - N2 1 |Sized by Tampella

M-408 Continuous Blowdown Tank* 1 |4’-5" x 0°-6" (Vertical) 175 psig
design C.S.

M-410 HP Continuous Blowdown Tank* 1 13°-10" x 0°-6" 175 psig design
(vertical) C.S.

P-401A/B Cooling Circuit Pumps* 2 |Sized by Tampella

P-402A/B Condensate Pump* 2 |200 gpm at 90 psig

P-403A/B Blowoff Transfer Pump* 2 |3.2 gpm DELTA P=50psi C.S.

P-404A/B AQ. Ammonia Pump* 2 |.75 gpm, DELTA P=50 psi, 316SS

R-401 Booster Compressor 1 |Sized by Tampella

T-401A,B, Biomass Dryer 4 | Steam dryer to 20% moisture

C,D

T-402 H.R.S.G. 1 |2 Pressure levels

T-402 Product Gas Cooler with Steam Drum 1 |Sized by Tampella

T-403 Booster Compressor Air/Air Heat Exchanger 1 | Sized by Tampella

T-404 Booster Compressor Feed Cooler 1 |Sized by Tampella

T-404 Component Cooler Heat Exchanger* 1 |Sized by Tampella

T-405 H.R.S.G. 1 |2 pressure levels

T-406 Auxiliary Steam Turbine Condenser* 1 |87 mmBtu/hr

V-402 SCR Unit 1 |90% NO, reduction

V-405 H.T.H.P. Candie Filter 1 |Sized by Tampella

V-411 Blowoff Tank* 1 4’3" x 0’-6" atmospheric design
(vertical)

W-403A/B Gasifier Ash Cooling Screw Conveyor 2 | Sized by Tampella

W-404 Biogas Filter Ash Screw Conveyor 1 |Sized by Tampella

W-406 Filter Ash/Dolomite Surge, Lock Hopper System | 1 | Sized by Tampella
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Table 2-6: Equipment List - Tampella BGCC (Steam Dryer) (continued)

Item No. Description Qty | Remarks

W-407A,B/C | Biomass Feed Weigh, Lock, Surge Hopper 3 | Sized by Tampella
System

W-408 Dolomite Feed Weigh, Lock, Surge Hopper 1 |Sized by Tampella
System

W-411A/B Bottom Ash Surge, Lock Hopper System 2 | Sized by Tampella

* Not shown on PFD.
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2.3 Biomass to Ethanol Plant Design

Amoco provided preliminary process information for its proprietary biomass to ethanol plant to be located
adjacent to the Weyerhaeuser mill in New Bern, NC. The data were not obtained in an integrated
manner, but were taken from pilot studies done by Amoco on several different hardwood feedstocks.
A large portion of the proposed residuals feedstock is immature softwood thinnings which have a
composition similar to hardwood. It was assumed that these thinnings would react to the enzyme in the
same manner as hardwood.

Using the Amoco information, Stone & Webster developed a process flow sheet, sized equipment list,
and heat and material balance to support a budgetary capital cost estimate and an operating and
maintenance (O&M) cost estimate. The basis of design for this facility is described in Section 1.3.

The Amoco biomass-to-ethanol technology uses a proprietary yeast that is capable of fermenting both
hexose and pentose sugars. The process also includes a proprietary pretreatment step that hydrolizes the
raw wood chip feed while minimizing by-product formation. These two process improvements
distinguish the Amoco ethanol process from other biomass to ethanol processes. Amoco provided cost
information for the proprietary hydrolyzer and yeast and a range of enzyme costs.

The following sections provide descriptions of the main sections of the Amoco cellulose-to-ethanol plant.
Each section also has a corresponding process flow sheet. The overall heat and material balance for the
process is shown in Table 2-7. A process equipment list, organized by plant section, is provided in
Table 2-8.

System Description

The overall block flow diagram for the Amoco Ethanol process is shown in Figure 2-4. When integrated
with a BGCC plant, lignin from the filtration is fed to the gasifier. For a stand-alone ethanol plant, the
lignin may be sold as a fuel or fed to the existing mill bark boiler.

The following sections describe the pretreatment SSF fermentation, distillation, stillage handling, and
chemical storage sections of the plant. On the block flow diagram, the pretreatment section includes fuel
handling, chip preheat, pretreatment, first and second stage flashes, and chemical additions prior to
fermentation. The distillation section includes beer distillation; flash recovery and molecular sieve
dehydration. The centrifuge and filtration steps are described in the stillage handling section, where yeast
propagation is included in the SSF fermentation section.

Pretreatment

Area 200 of the biomass-to-ethanol plant is shown on Figure 2-5, Process Flow Diagram - Pretreatment.
Whole tree wood chips conveyed from the wood chip storage pile reclaim enter the chip bin which
provides short-term surge capacity for the process. The chip meter measures the flow rate of chips to
the chip preheater. The chips are preheated using both a portion of the high pressure flash vapor and low
pressure flash condensate prior to pretreatment hydrolysis. Preheated chips and sufficient acid are fed
into the proprietary pretreatment hydrolyzer where high pressure steam raises the temperature to 489°F.
The pretreated wood substrate flashes to 237°F. Flash vapor preheats the chip feed stream and provides
vapor to the beer column in the distillation system. Lime slurry is added to the wood substrate to raise
the pH to 7.5 and this mixture is further flash cooled to 140°F in the LP flash tank. Flash vapor is
condensed and used to preheat the chip feed. A vacuum pump maintains the vacuum required at the LP
flash condenser. The wood substrate is mixed with process water and recycle stillage, which are added
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to dilute and cool the substrate to 97°F, and is conveyed to the first stage fermenter. To reduce the
substrate temperature, the process water and recycle stillage are cooled to 65°F using chilled water.

SSF Fermentation

Area 300 of the biomass to ethanol plant is shown in Figures 2-6 and 2-7. The acidity of the diluted
wood substrate leaving the pretreatment section is adjusted to pH 4 with the addition of sulfuric acid.
The SSF feed conveyor then conveys the substrate into the first fermenter of a series of cascade flow
fermenters. An ethanol recycle stream from the anhydrous molecular sieve unit regeneration cycle is
added to the first fermenter. Enzyme substrate and propagated yeast inoculum are also added to the first
fermenter. Simultaneous saccharification and fermentation reactions proceed while the wood substrate
flows through the fermenter vessels.

The first seven fermenters are equipped with external pumped fermenter cooling heat exchangers used
to maintain the fermenting substrate at 90°F. Chilled water is used as the cooling medium. An air
blower sparges air into the recirculating substrate, primarily in the first three fermenters where yeast
growth is required. Carbon dioxide gas collected from all fermenters passes through the carbon dioxide
scrubber where process water scrubs residual ethanol from the gas and is pumped to the beer well. The
scrubbed gas vents to atmosphere.

The fermented substrate flows into the beer well which acts as a final fermenter and surge tank for feed
to the distillation system.

Proprietary yeast, capable of fermenting both hexose and pentose sugars, is grown from laboratory
culture and propagated to concentrations required for fermenter inoculation. The culture is propagated
in diluted glucose with the necessary nutrients, such as corn steep liquor, phosphoric acid, and ammonia.

Yeast culture is grown in successive vessel sizes starting with the yeast starter tank. The contents of this
tank are used to inoculate one of two seed tanks from which the contents are used to inoculate one of
three yeast day tanks. Once the yeast population has been reached in the yeast day tanks, its contents are
pumped to the first fermenter on a continuous basis.

Each of these vessels is continuously agitated, cooled with chilled water in cooling jackets, and sparged
with the necessary air required for optimal yeast growth. Each of these vessels is operated in batch
mode. Each cycle of operation includes clean in place (CIP) cleaning with caustic solution followed by
 water rinse. Once cleaned, the vessels are filled with glucose and nutrients and the propagation cycle is
repeated.

Distillation and Dehydration

Distillation and dehydration of the fermented substrate (Area 400) is shown in Figure 2-8. The product
storage (Area 400) is shown in Figure 2-9. Fermented substrate, termed "beer," is pumped through the
beer preheater and beer heater and fed onto the top tray of the beer column. This column operates at
atmospheric pressure. Alcohol is stripped from the beer into the overhead vapor which is directed into
the base of the rectifying column. The alcohol is concentrated to 95 percent by volume. A portion of
the overhead vapor from the rectifying column is condensed by preheating the beer feed. The condensate
is returned as reflux. The product portion of the vapor is fed to the dehydration unit with the balance
of the remaining vapor condensed in the rectifying column condenser. A fusel oil stream is drawn off
the rectifying column and fed to the washer column in which process water is used to extract an aqueous
alcohol layer from the fusel oil layer. The aqueous alcohol layer is returned to the rectifying column.
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Fusel oil is stored in the fusel oil tank and pumped to alcohol storage for product blending. Dilute
alcohol from the base of the rectifying column is pumped to the beer column for reflux.

The stillage issuing from the base of the column is flash cooled in the stillage flash tank. Flash vapor
is drawn into a steam ejector and combined with the ejector motive steam for direct addition to the beer
column. :

This vapor, together with flash vapor from the wood chip pretreatment section, provides the necessary
boil-up energy for distillation. Stillage is pumped through the beer heater, for further cooling by
preheating the beer feed, to the stillage handling area.

Ethanol vapor from the rectifying column is superheated with the steam and blown into one of two
molecular sieve bed vessels. One bed operates while the other regenerates using a portion of the
anhydrous vapor product. The regeneration results in a diluted alcohol steam which is collected in the
regeneration tank and pumped back to the first fermenter. Anhydrous ethanol product is condensed and
flows to alcohol storage.

Two day tanks are provided to collect the daily alcohol production and to verify quality. If quality is
unacceptable, the alcobol is pumped back to the rectifying column with the re-run pump.

Before the alcohol is pumped to the alcohol storage tank, the alcohol concentration is reduced to the
minimum specification by adding fusel oil and denaturant gasoline is blended into the product. One truck
loading arm and three rail car loading arms are provided for product loading.

Stillage Handling

Stillage handling recovers lignin cake for use as feedstock in the BGCC plant. There is insufficient
information available on the dewaterability of the stillage. The design presented herein has not been
tested. Optimization of this plant section could have a major impact (either positive or negative) on the
ethanol plant capital and operating costs.

Figure 2-10 shows the stillage handling (Area 500) section of the ethanol plant. Stillage from the bottom
of the beer column enters the stillage tank which provides 30 minutes of surge capacity. Stillage is
pumped through the stillage cooler to reduce the temperature to 150°F and fed to three parallel
centrifuges. Lignin based cake at 25 percent solids is conveyed to three parallel rotary filters for further
dewatering to 55 percent total solids. The filtered lignin cake is conveyed to the BGCC plant where it
is used as fuel.

A portion of the centrifuge liquid is fed to the recycle stillage tank and from there pumped through the
recycle cooler to reduce the temperature to 65°F using chilled water. The recycle stillage is added to
the pretreated wood substrate before fermentation. The balance of the centrifuge liquid is added to the
filter liquid in the waste liquid tank. This liquid is pumped to the existing liquid waste treatment facility
on site.

Chemical Storage

Area 600, the clean-in-place (CIP) and Nutrient preparation and chemical storage sections of the ethanol
plant are shown in Figures 2-11 and 2-12. Dilute caustic solution is prepared in the CIP tank using 50
percent caustic from the caustic storage tank. The dilute caustic is pumped to the yeast propagation and
fermentation vessels for CIP cleaning as required. This solution is returned to the spent CIP tank after
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the wash and reused for further cleaning cycles until the detergent action is reduced and then slowly
drained to the liquid waste treatment facility.

The steep liquor tank and syrup tank are provided with steam coils to maintain desired storage
temperatures. Glucose syrup is diluted with process water, pumped through the in-line mixer and on to
one of the yeast vessels. Steep liquor, phosphoric acid, and aqueous ammonia are batch mixed in the
nutrient mix tank and pumped to a yeast vessel in quantities as required.

Lime is stored in the lime storage silo and conveyed to the lime mix tank. Batch quantities of lime and
water are mixed and the lime slurry is pumped to pretreatment as required.

Plant Design Review

This section addresses questions about assumptions and approach raised during reviews of the preliminary
design and discusses information which became available after the design was completed. This will
provide a basis for future design development and optimization efforts.

Aeration in SSF

The proprietary yeast selected for SSF is capable of fermenting hexose and pentose sugars and is not
microaerophilic. For the purpose of yeast propagation and SSF inoculation cell mass development, it was
assumed to have similar characteristics to Saccharomyces Cerevisiae and the aeration requirements were
calculated accordingly. Recent discussions with Amoco indicate that aeration in the SSF fermentation
system may not be required for the proprietary yeast because sufficient inoculation cell mass levels may
be achieved in the yeast propagation system to satisfy the fermentation requirements.

Solids Conveying System

The solids conveying system following the pretreatment step has not been optimized. The solids
conveying system utilized is a conservative engineering approach for the transport of material whose
properties are as yet not well defined. A more complete understanding of material properties, together
with suitable design refinements may permit the use of slurry pumps to move the material from the
pretreatment to the SSF stage, which would enhance system operability. Other alternatives inciude the
use of an inclined conveying system. Any future design changes are not expected to have a significant
impact on the capital cost. '

Xylanase Activity

The enzyme used in the ethanol process shows both cellulose and xylose hydrolysis activity. In the
material balance, non-hydrolyzed C5 material has been lumped into a single category labeled "xylan" and
has been carried throughout the balance as an inert. This "lumping"” approach afforded a convenience
to handling the material balance and should not be misconstrued to imply that xylan material does not
convert at all. The material balance reflects laboratory data for C5 hydrolysis and fermentation activity.

Fermentation Byproducts

The material balance includes fusel oil which is a major byproduct of fermentation. Fusel oil is shown
to be separated in the distillation system and later available to be recombined with the ethanol product
to the limit allowed by the purity specification. Fusel oil consists of propyl, butyl and amyl alcohols.
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Other byproducts of fermentation such as aldehydes, esters and organic acids (acetic, succinic) are at low
concentration levels and were not specifically identified and accounted for in the material balance.

Flash Systems

The pretreatment technology employed in the design basis is a highly selective hydrolysis process which
minimizes the formation of degradation products such as furfural and HMF. Laboratory data show the
yield of these two degradation by-products during hydrolysis is less than 0.5 percent. Off-gas handling
systems for the degradation products were not fully engineered. However, given the small quantity of
furfural and HMF produced in the pretreatment, it is unlikely the capital costs associated with their
handling will be material. Subsequent phases of biomass-to-ethanol development will address the off gas
handling requirements.

Gypsum Formation

The ethanol plant design material balance tracks gypsum formation following acid hydrolysis and lime
addition in the material category labeled "soluble solids. " Gypsum formation was folded into this category
for two reasons. First, the quantity of gypsum formed is small, amounting to no more than 130 pounds
per hour. Second, the formed gypsum is well below the concentration levels which will foster its
precipitation. However, it is recognized that gypsum precipitation is likely to occur in the beer still
bottom where temperatures are higher than elsewhere in the system. Whether or not scaling produced
in the beer still bottom will be problematic is an issue for later phases of biomass-to-ethanol engineering
development.

Agitation

Agitation costs and power requirements are very high. The agitation requirements were developed by
a major vendor based on limited laboratory viscosity data. '

Materials of Construction

Fermentation vessel costs are based on tile-lined, concrete construction. Although the "industry standard"
is stainless stee], Stone & Webster had recent costs for concrete tile-lined vessels developed for a sulfite
liquor ethanol plant. Based on the current cost of stainless steel, installed costs for concrete tile-lined
vessels may be less expensive. There is a potential for increased contamination with the tile-lined design
due to the difficulty in cleaning the grouting. The cost and risk trade-offs would be carefully considered
in final engineering.

Feedstock Reactivity

A large portion of the proposed residuals feedstock is immature softwood thinnings which have a
composition similar to hardwood. It was assumed that these thinnings would react to the enzyme in the
same manner as hardwood. Subsequent testing in pilot facilities indicates that the thinnings behave more
like softwood and are not a viable feedstock with present pretreatment technology.
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Lignin (Stillage) Dewatering

Lignin dewatering characteristics are dependent on feedstock and processing. Unfortunately, samples of
lignin from the pilot processing of the proposed feedstock were not available for examination and testing.
Alternative dewatering designs utilizing combinations of anaerobic digestion pretreatment to improve
dewaterability, centrifugation, evaporation, and various filtration types were considered. The
centrifuge/rotary vacuum filter combination was selected based on discussions with vendors. ThlS design
is realistic both in terms of technical viability and cost.
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Table 2-7 Material Balance - Amoco Ethanol Plant

A e [ 43 :14; §ii 216 2
Wood Chlps % Flash vapor Heated H2S04 Steam Digested 1st Flash 1st Flash 2nd Flash 2nd Flash
1000 ODT/d | composition Recycle Chips acid Chips vapor Bottoms Slurry Condensate Bottoms
31,945 18.40 31,945 28,751 28,751 28,7561
15,529 15,529 . 15,529
20,407 11.75 20,407 2,041 2,041 2,041
5,218 5,218 5,218
21,373 12.31 21,373 21,373 21,373 21,373
carbon dioxide:
soluble solid 8,308 479 8,308 347 11,671 11,671 174 ! 11,845
insoluble solids 1,300 0.75 1,300 1,300 1,300 1,300
ethanol -
enzyme.
spent enzyme:.
yeast:
yeast Tesi ue ;
aif.
lfusal oﬂ
; 90,278 52.00 7,156 112,538 26 70,671 181,033 56,864 124,169 879 15,104 109,944
173,611 100.00 7,156 195,871 373 70,671 266,916 56,864 210,052 1,052 15,104 196,000
48.00 42.55 93.00 32.18 40.89 16.50 43.91
45.39 40.00 22.80 30.10 32.72
60 237 124 75 490 ' 489 227 237 75 140 140
atm 38 622 615 24 3
enthalpy {Btumhr) 3,461,111 8,297,255 13,389,588 7,096 85034724 98,431,407 65,934,384 32,497,024 40,765 1,631,221 15,591,548
heating value (Btu/b) 1,160 1,203 1,160 1,122
omens T
ST W
Dilution
Water-PW acid Stillage Vapor Excess Recycle
155 28,906 7,548
45 15,625 385
43 2,083 2,083
62 5,280 528
449 21,822 21,822
. 20,946
[?o!uble solidsfinerts. 69 1,564 24 13,553 13,563
insoluble so!adsl nensz' 27 1,327 1,327
ethanal. - 30 5,419 5,450 27,337 10
enzyme 73 74 74
spent enzyme - 2 2
: 121 1,000
21 21
7,000
147,626 5 49,208 49,708 306,784 3,322 2,320 320,425 332,675 377 7817
tuta’l ﬂov’v Tﬁlhr) i 147,626 75 51,607 49,708 395,308 8,741 2,417 414,666 408,332 28,333 7,817
% to!al sohds 93.00 4.65 22.39 62.00 4,00 1.4 11.83
% solids insol & nber 1.35 15.00 14.45 8.97
temp deg (F) - 65 75 65 237 97 185 75 96 90 90 75
Ipressure {psia).: 150 24
enthalpy. (Btu/hr) 4,871,664 1,419 1,654,855 57,637,128 22,119,486 508,206 100,176 22,727,868 20,391,271 336,118
heating value {Btu/lb} 1160
comments - - #1enzyme #3-air
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Table 2-7 Material Balance - Amoco Ethanol Plant

33

35

a87

Yeast Glucose Laboratory Yeas CO2 Scrubber
Nutrients Syrup Yeast innocutum Water Product
) 7,548
250 50 385
2,083
528
21,822
50 50 13,228
1,327
21,678 20 219
74
3 100
1,000
1,400 7,000
325

46 135 3 8,000 15,000 45,971 1,914 22 20 430,991
[ 96 385 6 8,200 1,400 7,000 15,000 45971 1,914 21,700 366 479,205
% tolal golids 52.39 65.00 50.00 2.44 ' 10.02
% solids insol.& fibe 7.07
temp deg (F): 75 75 75 90 60 60 90 230 367 75 100 228

pressure {psi 35 65 21 167
enthalpy (Btuft ] 2829 10,088 128 466,326 870,000 53,190,292 2,288,203 933 1,393 88,152,819

heating value (Blub) 1157 1196

comments . : #2-yeast #3-air #3-air 150 psig #1-F.0.
45 2 :

Centrifuge

Fusel Off

Waste

Flash ntrifuge Centrifuge Fitter Fitter i
Stillage vapor Steam Feed Cake Liquid Liquid Wash water Cake Liquid Liquid

7,548 7,548 6,415 1,132 977 6,095 321 1,298

385 385 53 332 287 21 AN 318

2,083 2,083 1,771 313 270 1,682 89 358

528 528 72 456 393 29 43 436

21,822 21,822 18,549 3,273 2,825 17,621 927 3,752

3 13,228 13,228 1,813 11,415 9,850 731 1,082 10,932

insoluble solids/inerts 1,327 1,327 1,128 198 172 1,072 56 228

ethanol..: y 219 219 218 189 189

enzyme

74 74 63 1 10 60 3 13

1,000 1,000 850 150 129 808 43 172

416,131 14,860 31,112 416,131 57,041 359,090 309,882 6,000 23,007 34,035 343 916

totat flow {Inhr) - 464,345 14,860 31,112 464,345 87,756 376,580 324,983 6,000 51,126 36,630 361,613

% total solids . % 10.34 10.34 35.00 4.59 4.59 §5.00 7.09 4.84

% solids insol & fiber 7.30 7.30 32.82 1.35 1.35 53.50 3.93 1.61

temp deg (F} B 196 196 367 150 150 150 150 80 150 150 150
{présgure (psia) - 10 10 167

enthalpy (Btu/hi) 71,149,603 17,003,216 33,026,611 51,318,173 8,137,483 43,180,690 37,263,331 348,000 4,001,059 4,136,424 41,399,755
heating value (Btunb) 1144 1144 1062

comments - : 150 psig
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Table 2-8: Equipment List - Amoco Ethanol Plant -

Qty. Equipment Description Hp
200 Area: Pretreatment
1 T-201 Shell & tube exchanger
LP Flash Condenser Floating head design
Surf. area: 2,840 ft?
Material: SS 316
DP: 100 psig/Full vacuum
1 T-202 Plate type exchanger
Process Water Cooler Surf. area: 750 fi?
Material: SS 316 plates
DP: 100 psig
1 V-201 Capacity: 90 ton/hr
Chip Meter Material: Carbon steel
1 V-202 Low pressure feeder 40
Chip Feeder Cap: 90 ton/hr
Material: SS 316
1 V-203 Cap: 104 ton/hr 75
Chip Preheater 48" dia. x 15’ length
Material: SS 316
1 V-204 High pressure feeder 75
Hydrolyzer Feeder Cap: 104 ton/hr
Material: SS 316
1 V-205 Package unit 4830 kW
Pretreatment Hydrolyzer - See Amoco for details.
1 V-206 High pressure feeder 75
LP Flash Feeder Cap: 103 ton/hr
Material: SS 316
1 V-207 Low pressure. feeder 40
Conveyor Feeder Cap: 100 ton/hr
Material: SS 316
1 w-201 Cap: 100 ton/hr 75
Pretreatment Conveyor 36" dia. x 20’ length
1 W-202 Cap: 100 ton/hr 30
SSF Feed Elevator
1 P-201 Centrifugal 5
Flash Condensate Pump Cap: 30 gpm
Head: 150 ft
Material: SS 316
1 P-202 Liquid ring type 20
Vacuumn Pump Cap: 300-cfm air
C/W separator tank, skid assembly
30048.B03 2-31
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Table 2-8: Equipment List - Amoco Ethanol Plant (Cont)

Qty. Equipment Description HP
1 M-201 Cap: 900 ft?
Chip Bin 10’ dia. x 12’ T/T
Material: Carbon steel
1 M-202 Cap: 3,500 gal.
HP Flash Tank 8’ dia. x 10" T/T
Material: SS 316
DP: 50 psig
1 M-203 Cap: 3,500 gal.
LP Flash Tank 8’ dia. x 10’ T/T
Material: SS 316
DP: Full vacuum
1 M-204 Cap: 500 gal.
Flash Condensate Tank 48’ dia. x 5° T/T
Material: SS 316
DP: Full vacuum
300 Area: Saccharification & Fermentation
1 A-301 10 Sieve trays
Carbon Dioxide Scrubber 8 dia. x 15° T/T (5’ skirt)
Material: SS 304
DP: 0.5 psig
1 T-301 Double pipe exchanger
1st Stage Fermenter Cooler 5 paralle] units
240 ft*/unit
6-40° lengths
3" dia. inner pipe SS 316
4" dia. outer pipe CS
DP: 100 psig
C/W support rack structure
1 T-302 Double pipe exchanger
Fermenter Cooler 4 parallel units
150 ft%/unit
4-40’ lengths
3" dia. inner pipe SS 316
4" dia. outer pipe SS CS
DP: 100 psig
C/W support rack structure
5 T-303 A-E Double pipe exchanger
Fermenter Cooler 4 parallel units
' 150 ft*/unit
4-40’ lengths
3" ID pipe SS 316
4" OD pipe CS
DP: 100 psig
C/W support rack structure
30048.B03 2-32
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Table 2-8: Equipment List - Amoco Ethanol Plant {Cont)

Qty. Equipment Description HpP
1 W-301 Screw conveyor 50
SSF Feed Conveyor 30" dia. - 60’ length
Material: SS 316
C/W removable cover
3 V-301 A.B.C M-301A, top mounted agitators 350 (ea)
SSF Agitators Lightnin 784Q350
Wetted parts SS 316
3 V-302 A.B.C M-301B, top mounted agitators 350 (ea)
SSF Agitators Lightnin 784Q350
Wetted parts SS 316
3 V-303 A.B.C M-303A, top mounted agitators 150 (ea)
Fermenter Agitators Lightnin 783Q150
Wetted parts SS 316
3 V-304 A.B.C M-303B, top mounted agitators 150 (ea)
Fermenter Agitators Lightnin 783Q150
Wetted parts SS 316
3 V-305 AB.C Top mounted agitator 20 (ea)
Day Tank Agitator Wetted parts SS 304
2 V-306 A.B Top mounted agitator 3 (ea)
Seed Tank Agitator Wetted parts SS 304
1 V-307 Top entry agitator 0.5
Starter Tank Agitator Wetted parts SS 304
2 V-308 A. B M-303C & D, top mounted agitator 350 (ea)
Lightnin 784Q350
Wetted parts SS 316
4 V-309 A-D M-303E, F, G, & M-304, top mounted agitator 150 (ea)
Lightnin 783Q150
Wetted parts SS 316
1 P-301 Heavy duty centrifugal pump 150
Fermenter Cooler Pump Cap: 1300 gpm
Head: 200 ft
Material: SS 317
1 P-302 Centrifugal pump 2
Enzyme Pump Cap: 5 gpm
Head: 75 ft
Matenal: SS 316
1 P-303 Centrifugal pump 7.5
Enzyme Unloading Pump Cap: 150 gpm
Head: 75 ft
Material: S8 316
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Table 2-8: Equipment List - Amoco Ethanol Plant (Cont)

Qty. Equipment Description HP
1 P-304 Heavy duty centrifugal pump 75
1st Fermenter Pump Cap: 1000 gpm
: Head: 100 ft
Material: SS 316
1 P-305 Heavy duty centrifugal pump 60
Fermenter Pump Cap: ' 1300 gpm
Head: 150 ft
Material: SS 316
5 P-306 A-E Heavy duty centrifugal pump 75 (ea)
Fermenter Pump Cap: 1300 gpm
Head: ; 150 ft
Material: SS 316
1 P-307 Centrifugal pump 75
Beer Feed Pump Cap: 770 gpm
Head: 250 ft
Material: SS 316
1 P-308 Centrifugal pump 5
Yeast/Day Tank Pump Cap: 20 gpm
Head: 75 ft
Material: SS 316
1 P-309 Centrifugal pump 3
Seed Tank Pump Cap: 75 gpm
Head: 50 ft
Material: SS 316
1 P-310 Rotary Lobe Blower 25
Yeast Air Blower Cap: 350 scfm
Pressure: 10 psig
C/W inlet filter, silencer
i P-311 Rotary Lobe Blower 100
Air Blower Cap: 1500 scfm
Pressure: 10 psig
C/W inlet filter, silencer
1 P-312 Centrifugal pump 1.5
Scrubber Pump Cap: 30 gpm
Head: 75 ft
Material: SS 316
2 M-301 A.B Cap: 434,000 gal.
1st Stage Fermenters 40’ dia. x 50°
Material: Concrete/tile lining sloped
bottom/cone roof c¢/w top
agitator support steel
-DP: 0.5 psig
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Table 2-8: Equipment List - Amoco Ethanol Plant {Cont)

Qty. Equipment Description
1 M-302 Cap: 40,000 gal.
Enzyme Storage Tank 16’ dia. x 26° T/T
Material: SS 304
DP: Atmospheric
7 M-303 A-G Cap: 921,000 gal.
Fermenters 56’ dia. x 50’ T/T
Matenal: Concrete/tile lining sloped
bottom
DP: 0.5 psig
1 M-304 Cap: 921,000 gal.
Beer Well 56’ dia. x 50’ T/T
Material: Concrete/tile lining sloped
bottom
DP: 0.5 psig
1 M:305 Cap: 160 gal.
Yeast Starter Tank 30" dia. x 48" T/T
Material: SS 304
C/W: Air sparger, cooling
jacket
DP: Atmospheric
2 M-306 A.B Cap: 1,600 gal.
Seed Tank 5°6" dia. x 9" T/T
Material: SS 304
C/W: Air sparger, cooling
jacket
DP: Atmospheric
3 M-307 A.B.C Cap: 16,000 gal.
Day Tanks 12" dia. x 19° T/T
Material: SS 304
C/W: Air sparger, cooling
jacket
DP: Atmospheric
400 Area: Distillation & Alcohol Storage
1 A-401 11’ dia. x 52’
Beer Column 30 Sieve trays
Material: SS 304
DP: 14 psig
1 A-402 11’ dia. x 45" F/T
Rectifying Column 35 Sieve trays
Material: SS 304
DP: 14 psig
1 A-403 3’ dia. x 6" T/T
Washer Column Material: SS 304
C/W packing

30048.B03
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Table 2-8: Equipment List - Amoco Ethanol Plant (Cont)

Qty. Equipment Description HP
1 T-401 Shell & tube exchanger
Beer Heater Duty: 8.5 MM Btu/hr
) Floating head design
DP: 100 psig
Material: SS 304
1 T-402 Shell & tube exchanger
Beer Preheater Duty: 17 MM Btu/hr
Floating head design
DP: 100 psig
Material: SS 304
1 T-403 Shell & tube exchanger
Rectifying Column Duty: 40 MM Btu/hr
Condenser Floating head design
SS 304 tubes/CS shell
1 T-404 Capacity: 40,000 lb/hr
Steam Ejector Motive steam
1 T-405 Shell & tube exchanger
Vapour Superheater Duty: 2 MM Btu/hr
SS 304 tubes/CS shell
1 T-406 Shell & tube exchanger
Regeneration Condenser Duty: 4 MM Bw/hr
SS 304 tubes/CS shell
1 T-407 Shell & tube exchanger
Product Condenser Duty: 10 MM Btu/hr
SS 304 tubes/CS shell
1 P-401 Centrifugal 75
Stillage Pump Cap: 900 gpm
Head: 200 ft
Material: SS 316
1 P-402 Centrifugal 7.5
Reflux Pump Cap: 110 gpm
Head: 100 ft
Material: SS 316
1 P-403 Centrifugal 3
Wash Pump Cap: 20 gpm
Head: 100 ft
Material: SS 316
1 P-404 Centrifugal 2
Fusel Oil Pump Cap: 10 gpm
Head: 50 ft
Material: SS 316
30048.B03 2-36 .
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Table 2-8: Equipment List - Amoco Ethanol Plant (Cont)

Qty. Equipment Description” HP
1 P-405 Rotary blower ’ 30
- Vapour Blower Cap: 4000 cfm
Discharge: 5 psig
1 P-406 Rotary blower 10
Regeneration Blower Cap: 1000 cfm
- Discharge: 5 psig
1 P-407 Centrifugal 1.5
Regeneration Pump Cap: 20 gpm
Head: 75 ft
Material: SS 316
1 P-408 Centrifugal 3
Rerun Pump Cap: 10 gpm
Head: 100 ft
Material: Carbon steel
1 P-409 Centrifugal 7.5
Alcohol Transfer Pump Cap: 200 gpm
Head: 75 ft
Material: Carbon steel
3 P-410 A.B.C Centrifugal 15 (ea)
Alcohol Loading Pump Cap: - 300 gpm
Head: 100 ft
Matenal: Carbon stee]
1 P-411 Centrifugal 5
Denaturant Pump Cap: 6 gpm
Head: 75 ft
Material: Carbon steel
1 P-412 Centrifugal 5
Denaturant Unloading Pump Cap: 150 gpm
Head: 50 ft
1 M-401 Cap: 6000 gal.
Stillage Flash Tank 9’ dia. x 13° T/T
Material: SS 304
DP: ' Full vacuum
1 M-402 Cap: 300 gal.
Fo. Wash Tank 42" dia. x 54" T/T
Material: SS 304
DP: Atmospheric
1 M-403 Cap: 1100 gal.
Fusel Oil Tank 5 dia. x 8 T/T
Material: Carbon steel
DP: Atmospheric
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Table 2-8: Equipment List - Amoco Ethanol Plant {Cont)

Qty. Equipment Description HP
2 M-404 A & B Cap: 600 ft*
Mol Sieve Beds 7’ dia. x 18 T/T
Material: Carbon steel
C/W internal distributors & support trays
DP: 14 psig
1 M-405 Cap: ' 1000 gal.
Regeneration Tank 5" dia. x 7" T/T
Material: SS 304
DP: Atmospheric
2 -401 A& B Cap: 80,000 gal.
Alcohol Day Tanks 20’ dia. x 34’ T/T
Material: Carbon steel
DP: Atmospheric
1 0Q-402 Cap: 800,000 gal.
Alcohol Storage Tank 55’ dia. x 45° T/T
Float roof design
Material: Carbon steel
DP: Atmospheric
1 Q-403 Cap: 40,000 gal.
Denaturant Tank 16’ dia. x 26" T/T
Material: Carbon steel
DP: Atmospheric
1 V-401 Static Mixer
In-line Mixer 6" dia. x 4’ length
500 Area: Stillage Handling
1 V-501 Side mounted agitator 25
Stillage Tank Agitator Wetted parts SS 304
3 V-502 A,B.C Alfa laval super-d-canter SG-16 250 (ea)
Centrifuges Cap: 300 gpm
3 V-503 A.B.C Rotary vacuum filter 25 (ea)
Rotary Filters C/W auxiliary systems
1 V-504 Side mounted agitator 3
Recycle Stillage Tank Wetted parts SS 304
Agitator
1 V-505 Side mounted agitator 5
Waste Tank Agitator Wetted parts SS 304
1 W-501 A.B.C Cap: 9 ton/hr 10 (ea)
Filter Conveyors
1 W-502 Belt Conveyor 15
Cake Belt Conveyor Cap: 26 ton/hr
250 ft length
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Table 2-8: Equipment List - Amoco Ethanol Plant (Cont)

Qty. Equipment Description HP
3 W-503 A.B.C Cap: 15 ton/hr 15 (ea)
Centrifugal Conveyors
1 P-501 Centrifugal 40
Filter Feed Pump Cap: 900 gpm
Head: . 100 ft
Material: SS 316
1 P-502 Centrifugal ‘10
Filtrate Pump Cap: 80 gpm
Head: 150 ft
Material: SS 316
1 P-503 Centrifugal 10
Recycle Stillage Pump Cap: 100 gpm
Head: 150 ft
Material: SS 316
3 P-504 A.B.C Liquid ring vacuum pump 400 (ea)
Filter Vacuum Pumps Cap: 600 cfm
C/W separator tank, skid assembly
1 P-505 Centrifugal 40
Waste Liquid Pump Cap: 800 gpm
Head: 150 ft
Material: SS 316
1 T-501 Shell & tube exchanger
Stillage Cooler Surf. area: 1,350 ft*
‘ Material: SS 304 tubes/CS shell
DP: 100 psig
1 T-502 Shell & tube exchanger
Recycle Cooler Surf. area: 850 ft*
Material: SS 304 tubes/CS shell
DP: 100 psig
1 M-501 Cap: 25,000 gal.
Stillage Tank 15’ dia. x 20° T/T
' Material: SS 304
DP: Atmospheric
1 M-502 Cap: 5,000 gal.
Recycle Stillage Tank 8’ dia. x 13> T/T
Material: SS 304
DP: Atmospheric
1 M-503 Cap: 12,000 gal.
Waste Liquid Tank 11’ dia. x 17" T/T
Material: SS 304
DP: Atmospheric
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Table 2-8: Equipment List - Amoco Ethanol Plant (Cont)

Qty. Equipment Description HP
600 Area: chemicals & CIP
1 V-601 Side mounted agitator -5
Spent CIP Agitator Material: SS 316 wetted parts
1 V-602 Side mounted agitator 10
CIP Tank Agitator Material: SS 316 wetted parts
1 . V-603 Top entry agitator 5
Nutrient Mix Tank Agitator Material: SS 316 wetted parts
1 V-604 Static mixed
In-line Mixer 2" diameter
Material: SS 304
1 V-605 Bottom side mounted agitator 5
Lime Tank Agitator Material: Carbon steel
1 W-601 Screw Conveyor 1.5
Lime Conveyor 4" diameter - 15’ length
Material: Carbon steel
1 W-602 Bucket elevator 15 ton/hr 3
Lime Unloading Elevator 30’ height
Material: Carbon steel
i P-601 Centrifugal 20
CIP Pump Cap: 300 gpm
Head: 150 ft
Material: SS 316
1 P-602 Centrifugal 20
Caustic Pump Cap: 50 gpm
Head: 50 ft
Material: Carbon steel
1 P-603 Centrifugal 3
Caustic Unloading Pump Cap: 150 gpm
Head: 50 ft
Material: Carbon steel
1 P-604 Centrifugal 2
Nutrient Pump Cap: 10 gpm
Head: 75 ft
Material: SS 316
1 P-605 Centrifugal 1.5
Steep Liquor Pump Cap: 50 gpm
Head: 50 ft
Material: SS 316
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Table 2-8: Equipment List - Amoco Ethano! Plant (Cont)

Qty. Equipment Description HP
1 P-606 Centrifugal 3
Steep Liquor Unloading Cap: 150 gpm
Pump ’ Head: 50 ft
Material: SS 316
1 P-607 Centrifugal 2
Syrup Pump Cap: 50 gpm
Head: 75 ft
Material: Carbon steel
1 P-608 Metering pump 0.5
Phosphoric Acid Pump Cap: 1 gpm
Material: Carbon steel
1 P-609 Metering pump 0.5
Ammonia Pump Cap: 1 gpm
Material: Carbon steel
1 P-610 Centrifugal 3
Ammonia Unloading Pump Cap: 150 gpm
Head: 50 ft
Material: Carbon steel
1 P-611 Metering pum